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coherence tomography catheters for myocardial tissue characterization 
Rajinder Patrick Singh-Moon 
Catheter ablation therapy attempts to restore sinus rhythm in arrhythmia patients by producing 
site-specific tissue modification along regions which cause abnormal electrical activity. This 
treatment, though widely used, often requires repeat procedures to observe long-term therapeutic 
benefits. This limitation is driven in part by challenges faced by conventional schemes in 
validating lesion adequacy at the time of the procedure. Optical techniques are well-suited for the 
interrogation and characterization of biological tissues. In particular, optical coherence 
tomography (OCT) relies on coherence gating of singly-scattered light to enable high-resolution 
structural imaging for tissue diagnostics and procedural guidance. Alternatively, optical 
reflectance spectroscopy (ORS) is a point measurement technique which makes use of 
incoherent, multiply-scattered light to probe tissue volumes and derive important data from its 
optical signature. ORS relies on the fact that light-tissue interactions are regulated by absorption 
and scattering, which directly relate to the intrinsic tissue biochemistry and cellular organization. 
In this thesis, we explore the integration of these modalities into ablation catheters for obtaining 
procedural metrics which could be utilized to guide catheter ablation therapy. We first present 
the development of an accelerated computational light transport model and its application for 
guiding ORS catheter design. A custom ORS-integrated ablation catheter is then implemented 
  
and tested within porcine specimens in vitro. A model is proposed for real-time estimation of 
lesion size based on changes in spectral morphology acquired during ablation. We then 
fabricated custom integrated OCT M-mode RF catheters and present a model for detecting 
contact status based on deep convolutional neural networks trained on endomyocardial images. 
Additionally, we demonstrate for the first time, tracking of RF-induced lesion formation 
employing OCT Doppler micro-velocimetry; this response is shown to be commensurate with 
the degree of treatment. We further demonstrate for the first time spectroscopic tracking of 
kinetics related to the heme oxidation cascade during thermal treatment, which are linked to 
tissue denaturation. The pairing of these modalities into a single RF catheter was also validated 
for guiding lesion delivery in vitro and within live pigs. Finally, we conclude with a proof-of-
concept demonstration of ORS as a mapping tool to guide epicardial ablation in human donor 
hearts. These results showcase the vast potential of ORS and OCT empowered RF catheters for 
aiding intraprocedural guidance of catheter ablation procedures which could be utilized 
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Chapter 1 Introduction 
1.1 Motivation 
1.1.1 Atrial fibrillation 
Over several decades now, heart disease has topped lists as the leading cause of death within the 
United States according to reports by the Center for Disease Control and Prevention[1]. Heart 
rhythm disorders, or cardiac arrhythmias, constitute a major subset of cardiac diseases which range 
from asymptomatic in manifestation to more severe cases inducing thromboembolic stroke, heart 
failure, and sudden death[2]. Atrial fibrillation (Afib), the most commonly confronted arrhythmia 
by cardiac electrophysiologist, is the leading cause of cardio-embolic stroke increasing risks by 
five-fold[3]. AFib afflicts an estimated 8 million total people in the US and European countries, a 
number which is expected to double by the middle of the century as life expectancies increase[2]. 
Though formulations of the underlying mechanisms of Afib are still actively being investigated, the 
disease is largely characterized by chaotic and irregular beating of the upper heart chambers driven 
by localized electrical firing or reentrant waves [4]. The severity of AFib is generally categorized 
into the sequential stages: paroxysmal, persistent, or permanent [4]. Paroxysmal AFib patients 
generally experience short-lasting, intermittent episodes of AFib which eventually self-terminate 
within up to a few days. In persistent AFib patients, arrhythmia episodes last longer than a week 
and warrant intervention. In patients with permanent AFib, therapies are often aimed at simply 
reducing the risk of stroke. Seminal works have elucidated various contributing factors which serve 
to initiate or perpetuate AFib, among which include the dysregulation of ionic currents, 
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heterogeneous tissue refractoriness, and atrial structural modification[4, 5]. Furthermore, such 
changes, once initiated play a significant role in progressively self-reinforcing stabilization of 
arrhythmogenic behavior overtime [5]. As a result of current understanding of AFib 
pathophysiology, several strategies have been devised which constitute current treatment options 
for restoring normal sinus rhythm.  Among these treatment options, radiofrequency ablation (RFA) 
therapy has emerged as an indispensable tool, offering a potential cure when pharmacological 
intervention has failed (Figure 1.1). RFA therapy is a minimally invasive treatment where a catheter 
is inserted through a peripheral vessel (typically the femoral vein) and directed to the interior heart 
chambers under fluoroscopic guidance. Through careful, site-specific administration of 
radiofrequency energy, controlled tissue destruction (or lesions) is carried out to electrical interrupt 
arrhythmia supporting tissues. The electrical properties of necrotic lesions are non-conducting and 
as such are used for electrical disabling or isolating pathological sites. One such example, 
pulmonary vein isolation (PVI), is regarded as the standard of care AFib catheter ablation treatment.  
In this procedure, arrhythmogenic triggers originating from pulmonary veins are decoupled from 
the left atrium (LA) circuit with a blockade of continuous, transmural lesions distributed across the 
PV-LA junctions. Isolation is then confirmed using a combination of pacing and electro-anatomical 
mapping (EAM), a technique which renders 3D anatomical shells derived from spatio-temporal 
measurements of surface bio-potentials (Figure 2). Successful treatment is marked by an inability 
to provoke AFib during the procedure and sustained freedom following a 90 day blanking period[6]. 
While RFA has demonstrated great promise in AFib treatment, the technique has been hindered by 
high rates of arrhythmia recurrence, often requiring numerous repeat procedures before long-term 
freedom from AFib is achieved, incurring a substantial burden to the health care system.  
Incomplete lesions near the PV-junction have been reported as the most common cause for 
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arrhythmia resurgence. It is important to note that arrhythmia recurrence occurs despite meeting 
clinical endpoints for successful treatment.  It is challenging with conventional tools to discriminate 
intraoperatively between transmural, complete lesions from partial lesions, which can temporarily 
mimic successful ablation in the acute setting. These incomplete lesions though electrically dormant 
and unexcitable during the procedure, could enable functional recovery after transient effects such 
as tissue edema subside[7]. Thus, a pressing clinical need still remains: as of today, there exists 
limited means by which successful lesion delivery could be confirmed at the time of ablation. Such 
a tool could improve the efficacy of catheter ablation therapy by providing immediate feedback to 
the operator on lesion undertreatment, which could be addressed at the time of the procedure.  
 




1.1.2 Emerging solutions for monitoring RF treatment of AFib 
Over the past decade, there has been a growing body of research aimed at the problem of 
intraprocedural lesion assessment which could be used to supplement current EAM validation[9-
22]. Late gadolinium contrast enhanced magnetic resonance (MR) imaging taken within hours to 
days post ablation has been shown to enable clear visualization of RF injury to the LA wall in 
human subjects[23]. While acutely measured hyper-enhanced regions were found to overestimate 
the extent of permanent scar development after remodeling, regions of complete absence of 
enhancement was found commensurate with chronic injury. Similarly, studies utilizing contrast-
free MR imaging have been demonstrated to reveal lesion sites, the contrast mechanism being the 
transitions within the iron state of heme species induced by thermal treatment[24].  While these 
tools offer promising alternatives to EAM and allow for direct visualization of RF injury 
assessment, procedures must be performed within an MR suite which considerable extends 
treatment time and costs. Furthermore, due to magnetic interference this approach is contra-
indicated for patients with electronic rhythm assisting devices such as implantable cardio-
defibrillators or pacemakers.  
1.1.2.1 Optical techniques for cardiac lesion assessment 
As an alternative to current tools, optical techniques have been proposed to address the problem 
of reliable lesion assessment. Several groups, leveraging the wealth of development in the field of 
biomedical optics, have advanced techniques for directed of thermal injury. Thermal injury 
prompts a set of reproducible changes in tissue structure and function detectable by optical 
interrogation. For example, intact cardiac tissue is rich in nicotinamide adenine dinucleotide in 
redox form (NADH), a coenzyme involved in electron transport within the mitochrondia. As a 
result the monitoring of NADH levels, as measured by fluorescence under ultraviolet (UV) 
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excitation, has been widely utilized to assess the metabolic demand of tissue.   Narine Sarvazyan’s 
group has shown, recording UV-excited hyperspectral autofluorescence imaging, that reduced 
mitochondrial function is found in ablated tissue[12, 25-27]. Utilizing this signal, it was further 
demonstrated in healthy mice hearts that the action potential amplitude measured using optical 
mapping was well-correlated to the spatial extent of fluorescence reduction[12]. The main 
limitation of this method however ensues from the shallow penetration of UV light which 
precludes the technique for transmural lesion assessment. Similarly, optical coherence tomography 
(OCT) has been demonstrated to reveal key procedural parameters with respect to ablated tissue 
characteristics[9, 13, 15, 17, 18, 28-34]. High resolution, histological detailing of myocardial 
structures have been demonstrated, which have been used to identify the features such as the 
endomyocardial stratification, fibrosis, subendocardial adipose, and myofiber orientation.  Since 
cardiac action potentials typically propagate along the path of fiber orientation, identification of 
fiber angular direction has been proposed as a promising tool for both exploring the underlying 
relationship between cardiac structure and function, in addition to revealing sites of fiber disarray 
which can lead to complex arrhythmia behavior. OCT has also been applied to reveal sites of 
ablation treatment as expressed through the loss in tissue optical birefringence due to the disruption 
organization in response to thermal treatment. This loss in tissue birefringence has been 
emphasized in OCT system variants such as polarization-sensitive OCT (PSOCT)[16, 29]. The 
valence of OCT also stems in part from its ease of integration within RF catheters to enable real-
time tissue evaluation during RF treatment. Herranz and colleagues demonstrated real-time 
monitoring of RF energy delivery using a PS optical coherence reflectometry fiber integrated into 
an ablation catheter[15]. In a more recent in silico study, they proposed a method for extending 
the technique from simple binary lesion discrimination by incorporating a biophysical model of 
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heat transfer to predict lesion sizes beyond the typical imaging range of OCT[35]. Using the time 
of denaturation as a PS-OCR measureable parameter, the model estimated lesion size as the 
boundary of the 50oC isotherm which corresponds to the threshold at which irreversible tissue 
damage is induced.  
Alternatively, the application of diffuse optical approaches to thermal treatment assessment has 
been previously applied towards cardiac lesion assessment. In prior literature, two configurations 
have been employed for diffuse optical myocardial characterization: reflectance-based geometry 
and integrating sphere geometry. Using the latter configuration, Swartling et al measured total 
transmittance and reflectance for untreated and treated swine cardiac specimens[36]. Utilizing a 
physical model-based, measurements of transmittance and reflectance was used to derive tissue 
optical properties over the visible and near-infrared range. As a result of estimating absorption and 
scattering spectra, the physical model simultaneously permitted extraction of biochemical 
constituents and scattering parameters related to size and shape. These reports concluded that RF 
ablation induces a 50-100% increase in reduced scattering spectra and an increase in absorption 
likely due to the conversion of myoglobin into metmyoglobin form. Although this methodology 
gave insight into distinguishable features which could be elucidated using optical spectroscopic 
techniques for lesion assessment, the technique requires excision of the lesion sample for optical 
assessment and is thus unsuitable for in situ translation. In previous works, Demos and colleagues 
has demonstrated tracking of lesion progress in swine ventricular wedges using a reflectance-based 
configuration[37]. The integration of optical fibers within the catheter tip permitted simultaneous 
sampling of tissue diffuse reflectance during application of RF energy. Normalizing near infrared 
reflectance spectra to baseline, they demonstrated a quadratic relationship between the normalized 
spectral slope and lesion depth.  
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1.2 Organization of dissertation 
The cardinal objective of this dissertation is to investigate the potential advancement of two 
modalities, NIRS and OCT, as tools for reliable characterization of cardiac tissue and the extent 
of injury inflicted by radiofrequency treatment. In particular, the catheter implementations of each 
modality is considered to facilitate designs conducive to translation in vivo. We begin in Chapter 
2 with an overview of tissue optics and discuss the background related to NIRS and OCT 
measurement systems. In Chapter 3 we consider the development of light transport solutions to 
develop an understanding of how optical design parameters and constraints influence of develop 
NIRS catheters. In Chapter 4, utilizing properties of learned from light transport simulation a 
catheter sheathe is introduced for characterize tissue treatment in human donor atrial samples. In 
the next section, the extension of NIRS to real-time monitoring of lesion progression is 
demonstrated empowered by an optical fiber directly integrated within an RF ablation catheter.  
The following section shifts from NIRS to explicate the development of OCR incorporation into 
RF catheters to facilitate imaging from the catheter tip. Developments of both NIRS and OCR are 
then culminated within Chapter 6 which introduces the pairing of the two modalities into a single 
catheter to provide complementary information of tissue structural and molecular monitoring of 
RF injury and corroborated in both ex vivo and in vivo experimentation. In the 7th chapter, the role 
of tissue characterization is de-coupled from the RF treatment mechanism and the focus is turned 
to the positioning NIRS as a tool for mapping the epicardial substrate.  In the final chapter will 
then follow closing with a summary of salient contributions of this treatise and an outlook for 
future extension of these projects.  
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Chapter 2 Background 
2.1 Fundamentals of tissue optics 
The propagation of light within biological tissues is a stochastic process in which photon transport 
is regulated by tissue intrinsic properties, namely absorption and scattering. In this chapter, we will 
consider the underlying processes which interact with photons and how they relate tissue 
physiology. In the following two sections, we will then consider details of optical measurement 
systems which exploit mechanisms of light-tissue interaction to enable imaging or sensing of tissue 
characteristics. 
2.1.1 Absorption  
Absorption within tissues is the process in which light is attenuated by atoms and/or molecules. 
This attenuation is constituted by a transference of photon energy engaging in molecular excitation 
which can either be electronic, rotational, or vibrational in nature.  Figure 2.1.1 shows a simplified 
Jablonski diagram showing a subset potential outcomes during absorption. Molecular relaxation 
back into the ground state either progress as radiative or nonradiative. In the radiative case, the 
remission of photons lower in energy is referred to fluorescence (or phosphorescence). 
Alternatively, a nonradiative relaxation could be manifest as thermal energy into the medium or 
facilitation of chemical reactions. Permitted discrete energy levels for a given molecular 




Figure 2.1.1. Jablonski diagram depicting energy level transitions for absorption and fluorescence processes 
marked by subscripts A and F, respectively.  
The absorption coefficient (a) is typically used to quantified as the likelihood of an absorption 
event per unit length, which is typically expressed in units of cm-1. Consequently, the reciprocal 
of the absorption coefficient is called the absorption mean free path, la, or the average a photon 
travels before being absorbed. Consider the case of non-scattering media as shown in Figure 2.1.2. 
The relationship between input and output intensities is an exponential decay parametrized by a 
and the traveled pathlength, L, as described by Beer’s Law: 
𝐼(𝜆) =  𝐼o𝑒
−𝜇𝑎(𝜆)⋅𝐿 .      (2.1.1) 
Though a useful representation in its own right, its original form bares little utility for application 
in biological tissues; the presence of multiple scattering complicates the effective pathlength 
traveled by photons. As a result, the application Beer’s law for tissues is often conducted with a 
modification to the pathlength parameter encapsulating the influence of scattering and absorption 




Figure 2.1.2 Beer-Lambert framework for relating input (Io) and output (I) light intensities in non-scattering 
media for a given absorption coefficient (a) and pathlength (L). 
Near-infrared absorption within cardiac tissues is predominantly influenced by the following 
absorbing molecules: oxymyoglobin (MbO), deoxymyoglobin (Mb), oxyhemoglobin (HbO), 
deoxyhemoglobin (Hb), metmyoglobin (Mmb), methemoglobin (Mhb), lipid, water, collagen, 
oxidized cytochrome c oxidase (aa3,ox), and reduced cytochrome c oxidase (aa3,red)[26, 39]. 
During thermal treatment, this list may expand to include hemichrome (HC) and pH changes in 
spectra[14, 40, 41]. Of these, the most abundant absorbers in cardiac tissue are the respiratory 
metalloproteins hemoglobin and myoglobin whose absorption spectra are shown to be quite similar 
(Figure 2.1.3); bands in myoglobin are red-shifted by < 5nm[42-44]. Hemoglobin proteins are 
found within red blood cells which give rise to the native pigment. The hemoglobin tetramer 
contains four iron-containing heme units which participate in oxygen exchange within the blood 
stream[45, 46]. Alternatively, myoglobin is a monomer located within muscle tissue comprised of 
one iron-containing heme group for oxygen transport therein[45, 46]. Though efforts to separate 
absorption contributions offer promise in detecting changes specific to intramuscular (myoglobin) 
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and intravascular (hemoglobin) oxygenation states, the lack of spectra specificity makes this 
challenging. It is therefore common to group contributions from both by using single set of spectra 
to represent both hemoglobin and myoglobin species[39, 47, 48]. Cytochrome oxidase is a heme 
and copper containing protein complex located within the mitochrondria involved in the final stage 
of the electron transport chain. Monitoring its oxidation state may elucidate changes in tissue 
metabolism and intracellular oxygen capacity[48]. The absorption coefficient of the tissue is taken 
to the concentration weighted sum of constituent extinction spectra (absorption per molar 
concentration): 
 𝜇𝑎 =  ∑ 𝑐𝑖𝜀𝑖         (2.1.2) 
where ci and i corresponds to the concentration and extinction of the ith chromophore. 
 





Light scattering is induced by mismatches in refractive indices at both the cellular and subcellular 
membranes levels. It is quantified by the bulk transport parameter, the scattering coefficient (s), 
which could be taken as the product between the scattering cross-section (s) and the number 
density of scatterers (Ns): 
𝜇𝑠 =  𝜎s𝑁𝑠 = 𝑄s𝐴𝑠𝑁𝑠       (2.1.3) 
where Qs and As represent the dimensionless scattering efficiency and the cross-sectional area, 
respectively.  Similarly, the reciprocal is taken to be the scattering mean free path (ls) or the average 
path traveled by a photon before being scattered. For biological tissues within the NIR region, 
generally s >> a.  Two dominant forms of elastic scattering occur within tissue known as 
Rayleigh and Mie scattering and will be considered. Elastic refers to the fact that photon energy is 
not exchanged between the particle, simply redirected. Inelastic scattering, such as Raman 
scattering, describes the phenomenon where photons excite molecules into a virtual state and are 
then remitted at lower (Stokes) or higher (anti-Stokes) frequency.  
The angular distribution of deflection is described by the scattering phase function p() for 
unpolarized light and has units of inverse steradians. The phase function could be characterized by 
a series of moments (gn) given by: 
𝑔𝑛 =  2𝜋 ∫ 𝑃𝑛(cos 𝜃)𝑝(𝜃)
𝜋
0
sin 𝜃 𝑑𝜃      (2.1.4) 
where Pn is the n
th order Legendre polynomial. The first moment of the phase function (g1), also 
called the anisotropy factor g, is therefore calculated as: 
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𝑔 = 𝑔1 =  2𝜋 ∫ 𝑝(𝜃)
𝜋
0
cos 𝜃 sin 𝜃 𝑑𝜃    (2.1.5) 
g essentially quantitates the forward scattering component of p(). Values for g range from -1 to 1 
where -1, 1, and 0 values indicate total backward, total forward, and isotropic scattering directions, 
respectively. The effects of tissue anisotropy and scattering could be simultaneously considered in 
a similarity parameter, the reduced scattering coefficient s’ given by: 
𝜇𝑠′ =  𝜇𝑠(1 − 𝑔) .     (2.1.6) 
s’ aims to reduce the number of unknowns by lumping two parameters into one. Its usage implies 
that the effective impact of scattering is the same for a given s’ value, regardless of individual 
values of s and g. Although widely adopted by the field and is generally sufficient under certain 
conditions, this parameter has been shown to be inadequate in describing the impact of the phase 
function in subdiffuse conditions[49, 50]. In these cases, higher order similarity relations have 
been proposed; such as the second order parameter  defined as (1-g2)/(1-g1).  Rayleigh scattering 
dominates when the particles are small in comparison to the wavelength of light and scatters in 
proportion to -4; Mie scattering dominates when scattering particles are comparable to the 
wavelength. The wavelength dependence of scattering in tissue is often modeled as a summed 
power law incorporating both cases: 
𝜇𝑠










)      (2.1.7) 
where fr is the fraction associated with Rayleigh scattering, A is the scattering amplitude, and b is 
the Mie scattering slope[51]. 
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Solutions to Maxwell’s equations for biological tissues are impossible to obtain due to the 
intractable problem of recovering precise details of refractive indices, particle shapes, and 
distribution. Alternatively, Mie solutions to Maxwell’s equations represent a well-defined, 
rigorous method to obtain theoretical calculations of scattering parameters using spherical 
approximations of particles. The application of Mie theory is often used to study the behavior of 
particles size and refractive index, as well as validation experiments performed in controlled tissue 
mimicking phantoms. Figure 2.1.3 illustrates scattering angular intensities over the NIR region for 
particle sizes on the order of collagen fibrils (~0.3m) and mitochondria (~1m). 
 
Figure 2.1.4 Normalized angular scattering intensities for (a) 0.3m and (b) 1m diameter polystyrene spheres 
derived from Mie theoretical calculations. 
A number of phase functions have been utilized to describe the angular scattering dependence 
observed in tissue. The most common include the Henyey-Greenstein (HG) and modified Henyey-
Greenstein (MHG)[52, 53]. The Gegenbauer kernel phase function, which is a generalization of 




2.2 Optical reflectance spectroscopy 
Optical reflectance spectroscopy, in the context of diffuse optics, comprises the subset of 
spectroscopic techniques dealing with light that has sampled the medium and is captured along the 
initial plane of illumination.  Optical reflectance measurements can vary further based on the 
illumination and detection schemes. In time-domain systems a pulse of light is delivered to the 
tissue; the spreading of the pulse at the detection site is then analyzed to derive tissue 
characteristics. In temporal frequency domain systems, the illumination source is modulated and 
swept in frequency; the magnitude and phase of the reflected light are analyzed to derived tissue 
parameters. Time and frequency domain systems are regarded as gold-standards for optical tissue 
characterization, however, they typically require expensive equipment (such as pulsed lasers, or 
network analyzers) which can serve as barriers to large-scale adoption. The lowest cost variant is 
continuous-wave (CW) reflectance systems where the illumination is constant or slowly varying. 
In such cases, illumination could be performed with low-cost LEDS, or broadband lamps. In this 
work, we will therefore focus on the CW modality of optical reflectance measurements within the 
near-infrared (NIRS) regime (also known as NIRS). The relative sensitivity of reflected light 
measurements to either of these effects depend largely on the distance between the illumination 
point and measurement site, or source-detector separation (SDS)[56-59]. The quantitative 
characterization of optical reflectance signals typically entails one of two approaches: 1) a heuristic 
approach which exploits group differences in spectral morphology[37, 60], and 2) the untangling 
of scattering and absorption effects by solving an inverse transport problem[53, 57, 61-63]. The 
latter obtains physically meaningful information at the expense of simplicity and computational 
time, while the former trades precise physical interpretability for speed and simplicity.  For inverse 
transport problems, a model for photon propagation is employed which well approximates what is 
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described as the “forward model”. In literature, various models have been commissioned, most 
popularly the diffusion approximation to the radiative transfer equation and Monte Carlo 
simulations[64-66]. 
2.3 Fundamentals of optical coherence tomography 
Since the emergence of OCT in 1991, accredited to Fujimoto and colleagues at MIT, the 
technology has experienced an unprecedented growth and wide scale adoption to numerous 
research applications[67]. The technique has its provenance in the field of low-coherence 
interferometry and has been adapted in several variant forms as shown in Figure 2.3.1 [57, 67, 68]. 
Though the varying implementations have slight differences, the main components include a 
broadband light source, a detector, and an interferometer.  In time domain OCT (TDOCT) 
configurations, light from a low-coherence source is split to the reference and sample arms of the 
interferometric stage. Here one path illuminates the sample and the other path is directed towards 
a scanning mirror.  Reflected light from both arms are then recombined at the beam splitter and 
the signal is recorded on a single detector. Resolving depth is obtained by scanning the position of 
the reference mirror across a given range.  Over the past two decades, Fourier domain (FD) systems 
have been widely adopted over its time-based predecessor offering greater acquisition speeds with 
better signal-to-noise ratio (SNR)[68-70].  FDOCT systems have two fundamental approaches 
which categorize them as either swept-source (SSOCT) or spectral domain (SDOCT).  SSOCT 





Figure 2.3.1 Variations of optical coherence tomography (OCT) systems. (a) Time domain, (b) Spectral 
domain, (c) Swept source OCT configurations 
A spectral interferogram is obtained using a wavelength tunable laser which is cycled over the 
tunable range rapidly over time. In contrast, SDOCT implementations employ a continuous-wave 
low-coherence source for illumination, while the spectral interferogram is captured simultaneously 
using a spectrometer. For the remainder of this work, we will concern ourselves with SDOCT 
systems as this variation is regarded as the standard for acquiring phase stable measuring, which 
will prove to be essential in the ensuing sections. However, in both cases the depth reflectivity 
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profile of the sample can be obtained applying a series of processing steps (Figure 2.3.2). The raw 
spectral data is first subject to removal of the DC component to isolate the interferogram. This 
offset corrected spectrum is then windowed and resampled evenly in wavenumber (k-space) prior 
to Fourier transformation. The result is the complex axial profile of the sample. The resulting axial 
reflectivity profile is then obtained by taking the magnitude and converting units to decibels. 
 
Figure 2.3.2 SDOCT processing workflow for obtaining an A-line profile from the raw spectrometer data. 
The phase () information produced by Fourier transform represent sub-resolution axial 
motion in the sample. By taking the relative phase difference between two A-lines, the Doppler 
phase () can be computed as follows: 
Δ𝜑 =  𝜑𝑗 − 𝜑𝑖        (2.3.1) 
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where the subscript i, j represents the ith and jth A-line in an acquisition where j >i. Axial motion 
further into the sample is indicated by <0, while >0 indicates motion oriented toward to 
illumination surface. The axial velocity (vz) could then be computed from the Doppler angle as: 





               (2.3.2) 
where ns is the refractive index of the sample and t is the time difference between the ith and jth 
A-line. Thus, for a 1300nm centered system with a 28kHz acquisition rate, the maximum 
detectable velocity would be +/-2.1mm/s before undergoing phase wrapping (assuming ns = 1.4). 
The advantage of OCT lies in its interposition between high-resolution, short penetration 
microscopy and large-scale, coarse resolution radiological imaging. OCT, often compared to its 
acoustic analogue ultrasound, uses light to obtain high-resolution three-dimensional imaging of 
tissue structure in microscopic detail.  The unique aspect of OCT is the decoupling of the 
mechanisms affecting axial and lateral resolution. The lateral resolution, x, is predominantly 
governed by the sample arm focusing optics and is given by the expression: 
Δ𝑥 =  
4
𝜋D
𝑓𝜆o        (2.3.3) 
where f, o, and D is the focal length of the objective, center wavelength of the light source, and 
beam spot size incident on the objective, respectively. The axial resolution is dependent on the 
coherence length (Lc) of the light source, which is influence by the center wavelength and 
bandwidth () as described: 




2  .     (2.3.4) 
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For example, a 70nm bandwidth system centered at 840nm would yield an axial resolution of 





Chapter 3 Modeling Light Transport in Tissue 
The goal of this section is to better understand light transport characteristics of reflectance probe 
geometries and how they relate to design parameters necessary for integration within ablation 
catheters. A Monte Carlo (MC) method was selected due to its flexibility in simulating a variety 
of arbitrary measurement conditions. We begin with an overview of the basic concepts used in a 
seminal MC codes, from which our code is derived from[64, 66, 71, 72]. We will then introduce 
adaptations along the way which extend its use for our application. Moreover, techniques for 
speeding up simulation performance are presented which make use of deployment on multiple 
GPUs. Validation comparisons between our implementation and previously published light 
transport solutions will also be presented. This chapter will then conclude with application of the 
MC program and other analytical solutions toward the design of absorption biased catheter probes. 
3.1 Methodology 
The base of code is derived from the classic multi-layered Monte Carlo (MCML) program by 
Wang et al[66], it’s later single GPU-implementation by Alerstam et al[71], and probe 
modifications by Calabro[72]. However, a few notable alterations have been made which will be 
discussed in the ensuing sections.  
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3.1.1 Input simulation file 
 
Figure 3.1.4 Simulation environment for the proposed MC implementation. na: ambient medium refractive 
index 
Figure 3.1.1 shows a depiction of the simulation environment setup which is specified in 
an input file. Firstly, details probe characteristics must be defined which includes properties of the 
fibers and their arrangement, in addition to probe housing information. The generation of the input 
file is assisted by a semi-automated, probe-face segmentation code which helps to identify the 
coordinates of each fiber and the dimensions of the housing core and shell. This tool helped to 
capture the particularities of custom fiber probes which was found to be imperative[73]. Figure 
3.1.2 shows an example of a segmented probe face for an example catheter.  The probe face is first 
imaged using a low-power microscope and spatially calibrated using caliper measurements of the 
outer probe diameter.  Once features of the probe face have been identified and segmented using 
the custom Matlab assistant tool, they are assigned a feature type (e.g. probe core, probe housing, 
source fiber, or detection fiber). Following type designation, location and diameter of each feature 
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is extracted automatically, then user input is requested for specifying feature properties. For fibers, 
the numerical aperture, fiber diameter, and refractive index is specified. A maximum collected 
number of photons termination is specified on the outer most detection fiber. For the probe core 
and housing, the refractive index must be specified. If the material is specified as metallic, it is 
instead assigned a reflectivity value with a negative sign. 
 
Figure 3.1.5 Example of probe-face segmentation tool incorporated within the MC framework to enable 
detailed accounting of the probe tissue interface. (a) shows the microscope imaged probe f ace. (b) shows the 
segmented face with features overlaid onto the probe. (c) shows the extracted probe features and type 
assignments which then feed into the MC simulation model.  
Aside from probe specifications, the number of runs and the simulation environment 
properties for each run must be defined. For each run, the number of layers and the properties for 
each layer (i.e. refractive index, a, s, g, phase function, and layer thickness) must be set, in 
addition to the refractive index of the ambient medium. The default phase function is set to 
Henyey-Greenstein, however, one may enter a value to flag the software to use either the 
Gegenbauer Kernel, Modified Henyey-Greenstein, Mie, or a user-defined phase function. In this 
case, additional parameters must be specified per layer to define the phase function. Figure 3.1.3 
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shows an example of the incorporation of the Gegenbauer kernel implementation for different 
parameters  and gk values. 
 
Figure 3.1.6 Example of Gegenbaeur kernel based photon propagation within the MC software. 
 
3.1.2 Simulation flow 
Here we describe the photon transport for the semi-infinite medium case. Photons packets 
are launched with an initial weight of 1-Rspec, which accounts for specular reflection caused by the 
refractive index mismatch between the fiber and specimen. The specular reflection value, Rspec was 
defined as follows: 
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     (3.1) 
where nsrc and nmed denote the source fiber and the medium index, respectively. The initial 
launching position in xyz is randomly sampled from within the source fiber diameter in a similar 
method to what has been described previously[72, 73].  The initial photon direction was also 
sampled such that its orientation was within the specified source NA, which is adjusted to account 
for launching within the medium refractive index.   Once launched, photon packets are propagated 
by a series of steps which includes:  
(1) sampling of the photon step size, s, according to: s = -ln()/(a+s’), where  is a 
uniformly distributed random variable between 0 and 1.  
(2) incrementing the photon position using the current directional cosines and step size, s 
(3) updating the new photon weight, Wnew, to account for absorption by Beer’s law: Wnew = 
W·exp(-a·s) 
(4)  Check if the photon weight is above a threshold; if so, move on to next step; if not, perform 
roulette. If photon does not survive the roulette, set weight to 0 and launch a new photon. 
(5) Sample phase function for deflection angle. Sample uniformly between 0 to 2 for azimuth 
angle. Update photon orientation with the corresponding directional cosines.  
(6) Repeat steps 1-5 until the surface boundary is encountered 
 
Once the boundary is encountered, a check to see if the point of encounter falls within a region on 
the probe interface. If so, a value of refractive index is assigned accordingly. If the point of 
encounter at the boundary is metallic, the photon is either absorb or specular reflected at probability 
equal to the reflectivity value as described by Naglic et al[73]. If the region is nonmetallic, a 
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reflectivity value is computed based on Fresnel equations incorporating the incident angles and the 
refractive index mismatch of the assigned boundary point. If a uniform random variable less than 
this reflectivity, it will be internally reflected, or else the photon will be transmitted to the outer 
region where it is terminated and a new photon is launched. If this outside point falls within a 
detection fiber and falls within the cone angle defined by the NA, its weight will be accumulated 
at the detector. The simulation is set to conclude once the specified number of collected photons 
at the detector has been met. To additionally speed up multi-detector simulations, the code was 
modified to accrue weights at multiple detection sites within the same simulation. In addition to 
the reflectance at each detector, the pathlength and maximum depth at each detector was scored 
during simulation as described in [72]. Our implementation also allowed for storage of the 
visitation histories for each collected photon. 
3.1.3 Simulation speed up  
Although Monte Carlo is regarded as the gold standard method for obtaining solutions to the 
radiative transfer equation, the major drawback is the extensive computation time for simulations. 
Advances in general purpose graphics processing unit computing has great reduced the simulation 
times by distributing the work load to be computed in parallel over many threads vs serial 
computation. In this section we describe a method to further boost performance by distributing the 
simulation load across multiple GPUs. To accomplish this, we utilized a dynamic scheduling 
subroutine from the OpenMP framework (Intel). A custom computer was built equipped with a 
hexcore i7-8700K processor (Intel) and a bank of 6 GPUs (1 GeForce Titan Xp, 4 GTX1080Ti, 1 
GTX1070Ti, Nvidia, Santa Clara, CA). A separate dedicated GPU was utilized for monitor display 
purposes (GTX1050, Nvidia, Santa Clara, CA). The computational speeds for simulations 




In order to validate the modified model, simulations were run for collection at set of source-
detector separations ranging. The source fiber radius was set to 1m to mimic the small pencil 
beam used in the seminal MCML code and diffusion theory derivations[65, 66]. Additionally, all 
probe-face refractive indices were set to be the same as the ambient medium to mimic the laterally 
uniform symmetric setup. The source fiber NA was set near zero and the collection fiber NA’s 
were set to 1 to enable wide solid angle detection. Detection fiber diameters were 200m. This 
was matched by interpolating the MCML[66] and diffusion theory[65] result radially and 
integrating over a 200m fiber detection area at each source-detector separation. Figure 3.2.1 
shows an example of simulation results compared to that of MCML and diffusion theory. Model 
estimates were in good agreement with prior works.  
 
Figure 3.2.2 Comparison of results for our MC model versus previous models for a sample with a=0.1cm-1 
and s’ = 5cm-1 
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3.3 Catheter design  
Swartling et. al. demonstrated key changes in tissue absorption in response to radiofrequency 
ablation which was linked to conversion in biomolecular composition[36]. Due to the 
measurement scheme used, this required biopsy of the specimen which is unsuitable for translation 
to human lesion assessment.  Thus, we sought to design a scheme to allow for similar 
measurements to be made accessible from the standard catheter tip.  To this end, we adopted a 
reflectance-based approach. Light transport simulations were used to explore probe-geometries 
which enabled sensitivity to absorption while suppressing variations due to scattering within the 
range of reported values for thermal treatment (a =0.1-2 cm-1, s’ = 5-30 cm-1)[36, 74].  
Table 3.3.1 Reflectance-geometry catheter design parameters 
 Lower Bound Upper Bound 
Sampling Depth  1.5mm 3mm 
Source-detector separation none 4.5mm 
Dynamic range 
(Maximum signal variability) 
N/A 216 
 
Table 3.3.1 shows a list of the design parameters considered. A sampling depth of 1.5-3mm was 
desired allow for probing most of the atrial wall[75]. The source-detector separation was 
constrained to be within the range of catheter sizes typically used for percutaneous deployment 
(<14Fr or <4.5mm). Figure 3.3.1 shows MC simulated trajectories for a subset of photons collected 
at various source-detector separations illustrating a clear increase in sampling depth with source-
detector separation. The maximum depths visited by collected photon packets, as detailed through 
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MC simulations, were used to estimate an average sampling depth for a given source-detector 
separation. Maximum depths were fit to a log-normal distribution to extract the mean statistic for 
 
Figure 3.3.14 Sample Monte Carlo recorded photon trajectories for various source-detector separations (color-
encoded) 
each optical property combination (Figure 3.3.2) for the range of optical properties. Several groups 
have previously indicated the existence of a particular range of source-detector separations, where 
measurements are fairly insensitive to scattering parameters[56, 58, 59, 76]. To identify this range 
for over the optical property range we are interested in, an analytical solution to the steady-state 
diffusion approximation was used [65]. This solution was used to simulate the spatially resolved 
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reflectance for a =0.1-2 cm-1 and s’ = 5-30 cm-1. Figure 3.3.3a shows the resulting reflectance 
profiles color encoded with respect to the reduced scattering coefficient. It is observed that 
reflectance measured closer to the source (<0.5mm) increases with scattering. The opposite 
relationship is seen with measurements further away (>4mm). Indeed, a region of reduced variation 
due to scattering is observed in the transition between these two extremes. The relative variation 
in reflectance at each site was computed as the reflectance standard deviation divided by the mean 
(Figure 3.3.3b). Setting a threshold of 50%, the range of detection distances 0.5mm-2.5mm was 
selected as exhibiting relative scattering insensitivity, with the minimum observed at 1.3mm.  
 
Figure 3.3.25 Histogram of maximum depth traveled by collected photons for an optical property pair (of 
a=1cm-1 and s’ = 10cm-1) at a source-detector separation of 4mm. Black line reflects the histogram for the 
maximum depth traveled for collected photons scored by the MC simulation. Red line shows the log-normal 
fit to extract the mean maximum depth 
This ensured better signal sensitivity to changes in molecular composition vs structural alteration 
during RFA. The typical atrial wall thickness in humans vary from 0.8-3.5mm in most regions[75]. 
Thus, a sampling depth requirement was imposed to permit substantial subendocardial sampling 
while avoiding extension of the sampling volume into the pericardial space and inapplicability of 
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the semi-infinite model.  For this, simulations were conducted using our MC code to derive the 
sampling depth at multiple collection distances as shown in Figure 3.3.3c. It was found that a 
source-detector separation of 2.3mm was suitable for balancing both optimal depth sampling and 
scattering insensitivity within the range of optical properties considered. Thus, this source-detector 
separation was selected as a baseline for future studies. Aside from catheter design, MC 
simulations were used in following chapters (Chapters 4 and 6), to generate lookup table (LUT) 
reflectance relationships to be used as forward models in an inverse optical property recovery 
scheme. 
 
Figure 3.3.36Optical transport simulations for reflectance catheter design. (a) shows spatially resolved diffuse 
reflectance profiles over the range of optical properties reported for untreated and treated tissues. The dashed 
circle indicates the inflection point in scattering-induced reflectance trends. (b) shows the percent variation 
in reflectance over the range showing <50% variation within the range near 0.5 -2.5mm. (c) shows extracted 
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mean sampling depths across the range of optical properties and optical geometries derived from MC 






Chapter 4 Real-time Optical Spectroscopic 
Monitoring of Lesion Progression within 
Atrial and Ventricular Tissues 
4.1 Background 
Atrial fibrillation (AFib), characterized by rapid disorganized electrical activity in the upper heart 
chambers, is associated with a 5-fold increase in stroke risk, accounting for over 15% of stroke 
cases in the United States[3, 77]. Radiofrequency ablation (RFA) therapy has become an 
indispensable tool for treating drug-resistant AFib. Despite its widespread use, however, single 
procedure success rates have been low. Arrhythmia resurgence following initial successful 
ablation has been reported to occur in as many as 47% of patients, requiring additional procedures 
to achieve a sustained effect[78]. The aim of RFA therapy is to modify the underlying cardiac 
tissue substrate by strategic anatomical lesion placement in order to disrupt arrhythmogenic 
electrical pathways and restore sinus rhythm. In principle, effective treatment is directly dependent 
on lesion characteristics such as continuity and transmurality. Current methods for validating 
lesion adequacy examine regional differences in electrical activity while attempting to provoke an 
arrhythmic event, either pharmacologically or through pacing [79]. However, partial lesions may 
also exhibit reduced excitability and short-term electrical quiescence, elusively suggesting 
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effective treatment, yet these pathologic tissues can eventually recover and conduct [79]. Despite 
its unquestionable significance for ensuring treatment success, currently no method exists to 
directly assess the extent of lesion formation in the acute setting. Such a method could potentially 
improve procedural efficacy by enabling intraoperative detection of undertreated sites despite 
transient effects. Several groups have proposed optical methods for evaluating acute thermal injury 
immediately following radiofrequency (RF) treatment. In ventricular tissue, direct visualization of 
the myocardium by optical coherence tomography (OCT) has been shown to reliably discriminate 
between ablated, necrotic tissue and untreated tissue [15, 16, 32, 33, 80]. However, the inherent 
depth limitation of OCT (<1 mm in cardiac tissue) renders the technique unsuitable for lesion 
transmurality assessment. Nicotinamide adenine dinucleotide (NADH) autofluorescence imaging 
has been demonstrated to correspond well with epicardial lesion boundaries [12, 25]. The 
technique relies on the fact that ablated tissues exhibit impaired mitochondrial function compared 
to viable tissues. More recently, atrial lesion assessment has been demonstrated based on spectral 
signatures of ultraviolet (UV)-excited autofluorescence using a benchtop hyperspectral imaging 
system [26, 27]. Although there have been several reports on optical lesion assessment, few studies 
have shown lesion size estimation within a configuration conducive for deploying in an 
intraoperative setting. Alternatively, diffuse reflectance spectroscopy (DRS), using fiber-
integrated ablation catheters, has been previously proposed as a method for assessing the degree 
of RF treatment to cardiac tissue. Demos et al [37] observed a correlation between scattering-
induced changes in reflectance slope and lesion depth in bovine ventricular samples. This 
technique is contingent upon changes in tissue microstructure and cellular morphology occurring 
as a result of RF treatment. An alternative approach is to examine variations in tissue absorption; 
absorption related changes within diffuse reflectance spectra reflect changes in tissue biomolecular 
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composition, which may indicate permanent change in viability. Fiber optical geometries could be 
adjusted to balance the relative sensitivity of diffuse reflectance (DR) measurements to absorption 
verses scattering changes [58, 59, 76]. Recently our group has demonstrated a strong relationship 
between near-infrared spectroscopy (NIRS) derived absorption and chromophore concentrations 
and endocardial lesion size within porcine atrial specimens [81-83]. However, this technique 
requires the computationally intensive step of solving an inverse problem to recover tissue optical 
properties for feature extraction, which may limit its applicability for real-time lesion assessment. 
In this work, we propose a method for rapid processing of near-infrared (NIR) spectra to 
approximate lesion depth in various cardiac tissue regions including the right (RA) and left atria 
(LA) and right ventricular (RV) regions. We define a set of parameters termed “lesion optical 
indices” (LOI) encapsulating observations of spectral morphological differences between ablated 
and unablated tissue. Utilizing these features, we demonstrate classification of NIR spectral 
integrity and subsequent estimation of lesion depth. We then apply the technique for real-time 
monitoring of lesion progression in ex vivo swine specimens using an NIRS-integrated ablation 
catheter. The proposed method is capable of performing NIRS-facilitated lesion estimation in <5 
milliseconds using unoptimized code on a commercial laptop. Experimental validation performed 
by comparing algorithm estimates to vital stained cross-sections for various lesion sizes showed 
strong correspondence. Microscopic evaluation of NIRS-predicted moderate tissue treatment using 
high-resolution OCT (HR-OCT) and histopathology were coincident with markers for irreversible 
damage; conversely, little to no evidence of irreversible damage was noted in NIRS-predicted mild 




4.2.1 Near-infrared reflectance spectroscopy system 
A schematic diagram of the experimental setup and spectral acquisition protocol is depicted in 
Figure 4.1. Optically integrated ablation catheters were fabricated in-house to allow for 
simultaneous sampling of tissue diffuse reflectance at the ablation site during RF energy delivery. 
Custom aluminum catheter tips were designed to house an illumination and collection fiber pair 
separated by a distance of ρ = 2.31±0.05 mm (Figure 4.1B). This separation was selected to yield 
particular sensitivity to tissue absorption effects [58, 59, 76]. The fiber-embedded custom tip was 
mounted onto a commercially available RF catheter (Biosense Webster, Diamond Bar, California) 
and electrically coupled using conductive epoxy. Impedance comparisons for the fiber-integrated 
catheter with an unmounted identical catheter yielded values within 6% of each other. The final 
integrated catheter diameter was <13 F. Typical ablation catheters range on the order of 6 to 14 F. 
Broadband light from a tungsten halogen source (HL-2000-HP; Ocean Optics Inc., Dunedin, 
Florida) was delivered onto the tissue via a 200 μm optical fiber. A 450 nm longpass filter was 
placed between the lamp output and the source fiber input to avoid tissue and operator exposure 
to UV light. Diffusely backscattered light was received by an identical collection fiber and routed 
to a spectrometer (600-1000 nm) (C9405CB; Hamamatsu, Bridgewater, New Jersey). Spectral 
measurements were recorded at 30 to 50 Hz. A custom LabVIEW program was used to facilitate 
data acquisition. Wavelength dependent NIR measurements were converted to relative reflectance 
spectra, RRel, using a similar process as described in [81, 82]; which included dark subtraction, 
removal of instrument response and normalization at 650 nm from TiO2-based, silicone phantom 




Figure 4.1 (a) Schematic diagram of experimental setup. L, lamp; SM, spectrometer; RFG, radiofrequency 
generator; OF, optical fiber; EC, electrical cable; RE, reference electrode; PBS, phosphate buffered saline. (b) 
Close up of distal end of the near-infrared spectroscopic (NIRS)-integrated ablation catheter housing optical 
fibers. S, source fiber; D, detection fiber. (c) Measurement timeline for real-time spectral data acquisition 
4.2.2 Sample preparation 
A total of 19 fresh swine hearts were acquired (Green Village, New Jersey). Experiments were 
conducted within 24 hours of sacrifice. Wedges were surgically resected from LA, RA and RV 
regions and submerged in 37oC maintained phosphate buffered saline (PBS) under pulsatile flow. 
Unless stated otherwise, catheter ablation and simultaneous optical measurements were performed 
using nonirrigated settings on the endocardial surface in atrial samples and on the epicardial 
surface in RV samples. Lesions were sagittally bisected immediately after spectral data acquisition. 
To evaluate the extent of microscopic tissue injury, one half was preserved in formalin for 24 hours 
and paraffin-embedded for further histopathological assessment. Hematoxylin and eosin (H & E) 
staining in addition to Masson Trichrome staining was performed on adjacent 5 μm sections to 
evaluate markers for tissue injury. A set of lesions were imaged prior to bisection under HROCT 
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(2.72-5.52 μm axial-lateral resolution) to examine microscopic features while the specimen 
remained intact. Details of the HR-OCT system have been described elsewhere [28]. The 
remaining half of the gross specimen was immersed in 1% 2,3,5-triphenyl-2H-tetrazolium chloride 
(TTC) vital stain for 25 minutes at room temperature to delineate tissue injury. To avoid the 
variation in tissue size caused by histological preparation, lesion size was evaluated from manual 
segmentation of digitized camera images of gross, TTC-stained specimens. Agreement between 
optical measurements and lesion depth values were quantified in terms of the Pearson correlation 
coefficient. 
4.2.3 Optical measurement of RF ablated samples 
The fiber-integrated catheter was connected to a commercial RF generator (Stockert 70; Biosense 
Webster, Diamond Bar, California) under the manual unipolar, power-controlled mode. Target 
power settings were varied between 3 and 25 W for durations between 10 and 120 seconds to vary 
the extent of tissue injury. Tissue bioelectrical impedance and delivered power were recorded 
continuously throughout the ablation process using a commercial DAQ system (NI USB- 6218 
BNC; National Instruments, Austin, Texas). 
Preliminary experiments were first conducted to evaluate possible features in spectral 
morphology that were distinct in treated and untreated specimens. In these lesions, continuous data 
acquisition was maintained from 3 to 5 seconds prior to application of RF energy until several 
seconds post ablation. Spectra retrospectively chosen from confirmed lesions with depths ≥5 mm 
in RV samples (n = 6) were used to guide LOI choices. In atrial preparations (n = 6 each) spectra 
taken from confirmed transmural lesions were used. These lesions were not included in the final 
analysis. A similar ablation-optical measurement protocol was applied for generating a total of 24 
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epicardial lesions in the RV and 33 and 31 endocardial lesions in RA and LA samples, respectively. 
To assess the limitations of lesion size estimation, a separate test set of RV lesions were created 
with treatment depths ranging up to 6 mm. Additionally, interrupted lesion lines were created 
within the atrial samples. To assess whether the technique could reveal gaps in treatment, optical 
measurements were acquired using a 2-axis motorized stage to translate the optical catheter across 
the lesion site at a step resolution of 0.5 mm. All scanning was performed while samples were 
submerged in blood. 
 
Figure 4.2 Algorithm flow diagram for processing NIR spectra. Acquired spectra first undergoes feature 
extraction which involves calibration and subsequent determination of lesion optical indices (LOI) values 
and/or inverse Monte Carlo-derived physical parameters. These values are then used to assess whether tissue 
contact had been established during measurement and if so, determine the corresponding lesion depth 
4.2.4 Feature extraction from NIR spectra 
Figure 4.2 shows the flow chart for processing NIR spectra used in this study. Five features were 
proposed based on observations of differences in spectral morphology associated with treated and 








      (4.2) 
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𝐿𝑂𝐼3 = ∫ 𝑅𝑅𝑒𝑙/𝑅𝑅𝑒𝑙,609𝑛𝑚
𝜆𝑏
𝜆𝑎
𝑑𝜆    (4.3) 
𝐿𝑂𝐼4 = argmin
𝜆𝜖Λ




      (4.5) 
where λa and λb is 600 nm and 1000 nm, respectively. Λ is taken to be the set of wavelengths 
between 730 and 800 nm region. It should be noted that these parameters are self-contained and 
do not require baseline normalization from untreated tissue. 
 
Figure 4.3 Effect of radiofrequency ablation on recovered RRel spectra. Representative NIR spectral 
measurements are shown for progressive radiofrequency (RF) treatment within right ventricular (RV) (A), 
right atria (RA) (B) and left atria (LA) (C) tissues. Spectra were normalized to a value of one at 960 nm for 
emphasis on spectral shape differences. (D-F) depicts mean 95% confidence interval for normal (n = 6) and 
moderately (n = 6) treated tissue for RV, RA and LA tissues, respectively. Lesions ≥5 mm in RV tissue were 
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selected while the criterion for moderate treatment was transmurality (2-4 mm) in LA and RA samples. 
Characteristic differences between untreated and treated spectral shapes were used to guide the calculation of 
lesion optical indices 
Thermal treatment of the myocardium induces changes in the underlying physiological and 
chemical properties. Therefore, we hypothesized that features derived from a physical model could 
be used for further enhance lesion assessment. In addition to LOI parameters, absorption and 
reduced scattering spectra were derived from NIR spectra using an inverse Monte Carlo (iMC) 
method [82]. The technique is described in detail previously [82]. Briefly, a look up table-based 
forward model was generated through Monte Carlo simulations run for the catheter optical 
geometry over a range of absorption (0-10 cm−1) and reduced scattering (2-60 cm−1) values. 
Absorption was modeled as a weighted sum of dominant cardiac chromophores in the near-infrared 
region, namely oxygenated and deoxygenated hemoglobin (HbO, Hb) and myoglobin (MbO, Mb), 
metmyoglobin (Mmb), lipid and water (Equation 4.6). 
𝜇𝑎(𝜆) = 𝐵 ⋅ (𝑆 ⋅ 𝜀𝐻𝑏𝑂 + (1 − 𝑆) ⋅ 𝜀𝐻𝑏𝑂) +  𝐶𝑀𝑏𝑂 ⋅ 𝜀𝑀𝑏𝑂 + 𝐶𝑀𝑏 ⋅ 𝜀𝑀𝑏 + 𝐶𝑀𝑚𝑏 ⋅ 𝜀𝑀𝑚𝑏 + 𝑓𝑤𝑎𝑡𝑒𝑟 ⋅
𝜇𝑤𝑎𝑡𝑒𝑟 +  𝑓𝑙𝑖𝑝𝑖𝑑 ⋅ 𝜇𝑙𝑖𝑝𝑖𝑑        (4.6) 
Reduced scattering was assumed to exhibit a power law dependence with wavelength and 
was modeled to accommodate both Rayleigh and Mie scattering contributions, as follows: 
𝜇𝑠
′ (𝜆) = 𝐴[𝑓𝑅𝑎𝑦(𝜆/600𝑛𝑚)
−4 + (1 − 𝑓𝑅𝑎𝑦)(𝜆/600𝑛𝑚)
−𝑏𝑀𝑖𝑒]  (7) 
where A and fRay is the scattering amplitude and Rayleigh fraction, respectively. bMie is the unitless 
scattering slope parameter and gives an indication on Mie equivalent radii of spherical scatterers. 
These parameters, along with absorber concentrations were determined using a Levenberg- 
Marquardt optimization scheme. To reduce the effects of local minima convergence, a series of 
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six optimizations were run per spectra with different initial guesses. The optimal solution was 
taken to be the result, which achieved the greatest R2 value. An example fit is shown in Figure 4.4. 
 
Figure 4.4 Example model fits to experimental data for untreated (blue)  and treated (green) right atria (RA) 
spectra 
4.2.5 Contact classification 
A preliminary contact classification stage was implemented to filter out spectra that were 
unsuitable for lesion size estimation (i.e., blood contaminated). For this, a linear discriminant 
analysis (LDA) classifier was employed to categorize spectra into either one of three classes: blood 
(or noncontact), contact-untreated and contact-treated. An unbiased estimate of classification 
performance was obtained using “leave one out” cross-validation using the cvpartiton and crossval 
functions within MATLAB. A goal of this work was to develop a rapid (sub-second) spectral 
analysis for lesion assessment. Therefore, the feature set for classification was limited to 
parameters that did not require iterative optimization for extraction (ie, LOIs). These parameters 
were also analyzed using repeated measure ANOVA and Tukey's multiple comparison tests to 
evaluate statistical significance between groups and diagnostic potential for treatment 
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discrimination. All statistical analyses were performed in Prism 6 (GraphPad Software, San Diego, 
California). 
4.2.6 Lesion size estimation 
A regression model approximating the extent of thermal treatment was derived for each chamber 
utilizing spectra originating from treated and untreated tissues. Lesion depth values for spectra 
classified as in contact and untreated were set to zero. Spectra determined to be in contact and 
treated underwent further processing to determine the corresponding extent of treatment. To 
accomplish lesion size estimation, a lesion regression model was generated by obtaining solution 
weights, W, to the second order normal equation in Equation 4.8, where X is an Nx2M feature 
vector comprised of LOI values and their squares, and Y is the Nx1 lesion depth.  
𝑊 = (𝑋𝑇𝑋)−1𝑋𝑇𝑌      (4.8) 
A quadratic relationship was chosen based on prior studies in ventricular tissue that demonstrated 
a second order correspondence [37]. Due to anatomical differences between the chambers, a set of 
weights were computed separately for each chamber. Finally, the regression model output was 
passed through a rectified linear unit (ReLU) to prevent negative lesion size estimates. 
In order to compare the influence of optical parameter inclusion on estimation performance, a 
separate estimation model was determined which consisted of both the LOI values, in addition to 
μa,630 nm and b. These were selected based on previous literature examining optical changes within 
the thermally treated myocardium [36, 74]. All calculations were performed on a 2013 Macbook 




4.3.1 Effect of RFA on NIR measurements 
The effect of RFA treatment on measured tissue reflectance was evaluated and compared to that 
of untreated cardiac tissue. Spectral measurements were retrospectively taken from TTC-
confirmed transmural lesions in the atria and ventricular lesions extending beyond 5 mm. Figure 
4.3 shows the wavelength dependent response in tissue reflectance with progressive RF energy 
deposition for representative atrial and ventricular specimens. Marked differences in spectral shape 
were apparent throughout the entire spectral range and became more prominent with treatment. A 
distinct and broad reduction in RRel spectral shape was noted between 600 and 700 nm. A broad 
increase in reflectance was observed approximately >800 nm in ventricular specimens and 
approximately>870 nm in atrial tissues. This rise was concurrent with a dip in reflectance at 
approximately 835 nm and an approximately 18 nm red shift in the local minima lying between 
730 and 800 nm. Ablated spectra also exhibited a subtle sharpening of the peak near 960 nm. 
Overall the relative ratio between mean RRel values in the 600 to 700 nm region and 830 to 965 
nm region were considerably lower in untreated spectra compared with increased treatment. These 
observations were consistent across chambers and were used as a basis to parameterize LOIs.  
Changes in spectral shape in ablated tissue exhibited characteristic features primarily in 
regions coinciding with prominent Mmb absorption (Figure 4.3), in addition to a scattering-
induced spectral offset and tilting. Although generally similar in spectral shape, RV samples 
exhibited lower mean RRel values over the entire wavelength range for untreated preparations 
compared to atrial tissues. In addition, RV treated spectral changes were more dramatic with a 
larger reduction centered at 630 nm and a greater rise in RRel at longer wavelengths, followed by 
RA, then LA. We attribute this to the inherently greater amounts of myoglobin present in the RV 
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as compared to atrial samples. Because Mmb is a large contributor to spectral shape changes seen 
with ablation treatment, a greater myoglobin reservoir is likely to absorb more at baseline and 
generate a greater measured response during ferrous to ferric state conversions. It is also likely that 
the increased endocardial thickness within atrial samples may limit myocardial sampling and 
hence scattering-induced reflectance changes therein. The relatively larger confidence intervals 
range observed in the atria as compared to ventricular samples (Figure 4.3) could be explained by 
the interplay between the optical sampling volume and tissue wall thickness. In atrial samples, the 
selection criterion was lesion transmurality, which may not imply uniform wall thickness across 
samples. Because typical atrial wall thicknesses are within the range of longitudinal sampling for 
this optical geometry, measurements are likely to be affected by wall thickness as well as lesion 
extent. In RV samples however, the inherently greater wall thickness is likely to exceed the 
sampling depth and mimic a semi-infinite geometry thus less susceptible to these factors.  
LOI parameters were then computed for lesions created on each tissue region, their 
corresponding unablated baseline spectra, as well as spectra acquired from whole swine blood. 
Statistical analysis revealed significant differences (P < 0.0001) between untreated and treated 
tissue values as well as treated tissue and blood for all LOIs in both ventricular and atrial cohorts 
(Figure 4.5). These results suggested that these LOIs were potentially suitable for spectra 




Figure 4.5 Statistical results for lesion optical indices (LOI) values derived from both atrial and ventricular 
samples. Comparison of parameter values showed significant differences across the various spectra groups. 
Blood (n = 60); normal and ablated each (right ventricular [RV], n = 24; right atria [RA], n = 33; left atria 
[LA], n = 31). *P < 0.05, **P < 0.01, **** P < 0.0001  
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4.3.2 Physical model fitting results 
In addition to parameters based on spectral morphology, tissue optical properties were determined 
using an inverse Monte Carlo (MC) method. Overall, good agreement between estimated and 
experimental data was observed as judged by low residuals (Figure 4.4). Mean R2 values for 
untreated and treated spectral fits were 0.995 and 0.985, respectively. The slightly reduced R2 
value for the treated spectra could be explained by greater residuals caused by the apparent 
broadening and redshifted local minima lying between 750 and 800 nm region. This discrepancy 
could potentially be attributed to in part to possible RF-induced formation of Mmb, increases in 
pH, or oxidized cytochrome c oxidase [48, 84]. 
4.3.3 Contact classification accuracy 
A LDA classifier was generated in order to ensure the fidelity of spectra prior to lesion size 
estimation. The classifier was designed to accept all LOIs as features and determine whether 
measurements had originated from normal tissue, ablated tissue or were blood contaminated. 
Performance of the classifier is depicted in Table 4.1 for determining contact (either untreated or 
treated) vs noncontact (blood). Good classification accuracy (>90%) was observed across all 
chambers and was best in RA specimens (n = 66). Nevertheless, slight errors (<3%) were observed 






Table 4.1 Performance of tissue contact classification. Abbreviations: CVCR, cross-validated classification 
rate; LA, left atria; RA,right atria; RV, right ventricular  
Region CVCR(%) Sensitivity (%) Specificity (%) 
RA 99.1 100 100 
LA 97.5 100 96.7 
RV 98.1 100 97.9 
 
4.3.4 Regression model performance 
A LOI-based, quadratic regression model was trained to carry out lesion size estimation. Figure 
4.6 shows regression model results (prior to ReLU application) for predicted lesion depth values 
in comparison to actual values obtained through digitized lesion cross- sections. In RV samples, a 
test set of 17 additional lesions were created from 0 to 6 mm in depth within the swine RV to test 
the limitations of depth estimation (Figure 4.6E, triangles). Strong prediction agreement was 
observed for lesions below approximately 4 mm. Treatment resulting in lesion depths above these 
values were systematically underestimated. This can be explained in part due to limitation within 
the sampling volume. Another contributing factor to be considered is the decorrelation between 
endogenous markers expressed within the lesion core and the extent to which it correlates with 
deeper treatment. This influence is discussed further within the Section 4. Table 4.2 shows Pearson 
correlation coefficient values for RV, RA and LA for LOI-based and LOI + iMC-based regression 
models demonstrating strong concordance with experimental data (R > 0.9) on all chambers tested. 
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the inclusion of optical parameters slightly enhanced agreement increasing correlation coefficients 
at most 2%. Because the addition of iMC-derived terms only showed marginal improvement in 
lesion size estimation, it may be difficult to justify the additional cost in computational time (1-10 
seconds per spectra depending on lesion properties) required as a result of iterative optimization 
and thereby limiting its application for real-time use; LOI-based estimates were computed within 
2 to 5 ms on average. However, this technique could potentially be used for investigating the 
underlying temporal dynamics in endogenous myocardial chromophores and ultrastructure as a 
result of RF ablation. The variability of lesion size estimates was greater within atrial samples than 
ventricular specimens. This can be attributed to the greater variability in endocardial thickness 
within atrial tissues compared to ventricular samples, which is likely to influence estimation. The 
impact of local endocardial thickness on lesion size estimation must be assessed further. However, 
these effects at lesion sizes of zero (i.e., untreated tissue) could be address in part during the 
preceding classification step, which sets lesion depth values of untreated tissue to zero. 
Table 4.2 Pearson correlation coefficients across chambers. Abbreviations: iMC, inverse Monte Carlo; LA, 
left atria; LOI, lesion optical indices; RA, right atria; RV, right ventricular 
Region LOI-based LOI+iMC-based 
RA 0.932 0.952 
LA 0.912 0.925 




Figure 4.6 Lesion estimation results using both lesion optical indices (LOI)-based and inverse MC-based 
regression models in (A-D) atrial and (E, F) ventricular tissue. Triangles in (E) shows prediction for the 
additional lesion test set with extended range up to 6 mm. Solid and dashed line represents the line of best fit, 
and confidence interval, respectively 
4.3.5 Real-time monitoring of lesion formation 
Dynamic lesion size estimates were computed for a set of lesions with varied doses of applied RF 
energy delivery (Figures 4.7 and 4.8). In general, a short delay following ablation onset was noted 
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followed by a monotonic increase with progressive treatment. Continuous monitoring after 
ablation offset demonstrated reasonable stability in estimated values. Resulting lesion depth values 
for both LOI- and LOI + iMC-based regression models were within 10% of the actual depths 
measured from digitized TTC-stained images. 
 
Figure 4.7 Radiofrequency energy dose response with real-time monitoring of lesion formation in 
ventricular tissue. Representative spectro-temporal responses (a-c) during radiofrequency (RF) energy 
delivery are shown in context with the resulting TTC- stained lesion cross-sections (d-f) for increasing 
levels of treatment. Time courses for (g) lesion optical indices (LOI)- and (h) LOI + inverse Monte Carlo 
(iMC)-based estimations for lesions are shown increasing monotonically with RF treatment. Final values 
following ablation, as indicated by the corresponding arrows, are in good agreement with resulting lesion 




Figure 4.8 Microstructural analysis corresponding to spectroscopic results for t reatment extent in right atrial 
tissue. (a), Baseline and final spectral profiles are shown for two lesions varying in size, along with (b) near-
infrared spectroscopic (NIRS)-derived time courses for lesion depth for deep and superficial lesions. (c), 
Ablated sites in the white light camera image shows the resulting lesions as seen from the endocardial surface. 
Heavier treatment corresponds with regions of greater myocardial discoloration. (d), high-resolution OCT 
(HR-OCT) B-scans showing superficial structural features for the various tissue treatments. Blue arrows 
demarcate signs of irreversible damage including micro-tears and coagulated necrosis at the catheter contact 
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point. The untreated site shows a well-delineated endocardium layer and birefringence band (yellow arrows). 
The superficial lesion presents a similar loss of endocardium in the absence of visible signs of permanent 
damage. (e) and (f) shows the corresponding H&E and trichrome histological correlates, respectively for 
comparison. Heavier treatment is confirmed in the deeper lesion with markers of coagulated necrosis in 
concert with dark purple region in trichrome. Viable tissue stained red in trichrome was absent within lesion 
centers and gradually becomes more prominent at lesion boundaries. Corresponding lesion depth for deep and 
superficial lesion measured from tetrazolium chloride (TTC) images to be 2.76 and 0.86 mm, respectively   
4.3.6 Microscopic evaluation of RF treatment 
Following NIRS-monitored RF ablation, lesions were fixed and paraffin-embedded 
prepared for histological examination. In a subset of lesions, OCT imaging was additionally 
performed in the intact specimen immediately after ablation and prior to sample fixation. 
Volumetric scans obtained were taken over normal and ablated myocardial tissues to compare 
microstructural details with NIRS measurements. A representative RA sample following this 
workflow is shown in Figure 4.8. In general, untreated sites exhibited a stratified appearance 
consisting of a thick, well-delineated endocardium and a birefringence band within the 
myocardium within HROCT. H&E showed a thick elastin and collagen layer with an intact 
myocardial structure underneath. Trichrome histology correspondingly showed the superposition 
of collagenous endocardium (blue) over viable myocardium (red). Regions consistent with high 
NIRS-estimated lesion sizes demonstrated markers for treatment and irreversible injury within 
both HROCT and histology. HROCT images showed evidence of subendocardial micro-tears and 
loss in cellular structure, tissue coagulation indicated by higher myocardial intensity and reduced 
endocardial differentiation, and the characteristic loss in birefringence band [32]. Trichrome 
images showed uniform blue hue within the myocardial layer that became diffusely integrated with 
red viable myocardium on the lesion boundary. H&E images similarly showed evidence of tissue 
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coagulation at the catheter contact point. In NIRS-estimated shallow lesions, HROCT showed 
similarly the absence of tissue birefringence and superficial coagulation, however micro-tears were 
not present. H&E and Trichrome images revealed superficial coagulation and loss in viability, 
respectively. 
4.3.7 Exposing discontinuities along lesion lines 
Reconnection along linear ablation lines is the primary factor for arrhythmia recurrence after 
pulmonary vein isolation [7]. Therefore, we sought to assess whether the techniques proposed were 
sensitive to detect lesion inadequacy along the lesion segment. In a subset of atrial specimens, 
interrupted linear ablation lines were created with treatment gaps <1 mm wide. Optical 
measurements were taken over the intact lesion segment over a lateral step resolution of 0.5 mm 
(Figure 4.9). Samples were then sagitally bisected and TTC-stained to reveal regions of lesion 
nonuniformity for comparison with measured values. The spatially-resolved classification output 
and subsequent lesion size estimation showed stark correspondence with lesion placement on gross 
pathology. Gaps within the optical image maps appeared wider. This can perhaps be attributed to 
the optical measurement sensitivity to features induced by irreversible tissue damage which may 
not present at the rim. Preliminary correlation experiments between the extent of damage 
delineated by TTC and tissue structural damage with histology demonstrated over-estimation of 
lesion boundaries where lesion was apparent. Further work is needed to systematically compare 
the relationship between treatment extent as indicated by TTC and the extent of irreversible injury 
markers within histological correlates. In a few instances within LA maps, the appearance false 
lesions were present as seen in the lower left of Figure 4.9G. These instances may be due in part 
to algorithm challenges posed by endocardial scattering which, in some regions may be 
comparable to that of superficial lesions. These observations were not present within right atrial 
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and ventricular samples where the thinner endocardium may permit more reliable myocardial 
sampling, and thus relatively greater differentiation between untreated tissue and subtle changes 
induced by mild ablation. 
 
Figure 4.9 Detection of treatment discontinuity along lesion line in swine right atria (RA) (a-d) and left atria 
(LA) (e-h) tissue. Gross pathology camera images (a, e) are shown in context with lesion placement areas in 
classification (b, f) and subsequent lesion estimation (c, g) maps. Extracted lesion sizes are in reasonable 
agreement with post-hoc tetrazolium chloride (TTC)-stained cross-sections (d, h). The treatment gap is 
indicated by the blue arrow. Dashed green line marks the boundary between the myocardium and epicardium 




The results presented in this work indicate that real-time spectroscopic measurement of absorption-
biased diffuse reflectance during application of RF energy has the potential to inform on the extent 
of thermal injury (Figures 4.5–4.7). Such measurements are predominantly influenced by changes 
in the endogenous tissue chromophore composition modified during treatment. Furthermore, a 
model for lesion size estimation in various chamber tissues has been proposed and validated for 
rapid on-line monitoring of lesion progression. Current methods for evaluating lesion adequacy 
rely on the mapping of local electrical activity with concurrent stimulatory provocations to verify 
voltage abatement. However, with such methods it is challenging to discriminate permanently 
damaged tissue from that which has been rendered reversibly unexcitable and functionally inactive 
in the acute setting. Optical measurements are sensitive to the underlying biomolecular 
constituents and tissue architecture which are reflected in tissue optical properties. Under normal 
physiological conditions, cardiac tissue is rich in ferrous myoglobin content and contains trace 
amounts of the ferric derivative [24, 85]. The application of thermal energy facilitates ferrous to 
ferric conversions through accelerated oxidation; in this state, these respiratory proteins lose the 
ability to reversibly bind to oxygen [24, 85]. These chromophore transitions influence the spectral 
morphology of optical measurements sampled at the catheter tip, in particular spectral regions of 
prominent Mb and Mmb absorption bands (Figures 4.3 and 4.7). Our results indicate that extraction 
of the proposed indices is sensitive to these changes and could be used to infer lesion characteristics 
in situ (Figures 4.6–4.8). Ascertaining these parameters during ablation treatment could potentially 
be used in feedback control methods for titrating RF energy dose. Furthermore, permanent tissue 
damage as judged by coagulative necrosis and loss in cellular structure was observed in 
microscopic assessment of the lesion core (Figure 4.8) and was consistent with previously reported 
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findings [20, 24]. This suggests that these methods could provide confirmatory measurements for 
lesion delivery that could be implemented together with conventional electroanatomical mapping 
systems to estimate long-term isolation durability and improve overall procedural efficacy using 
nonirrigated catheters. 
Increases in reflectance of thermally coagulated tissues have been reported by several 
groups in literature which appear prima facie to contradict RRel measurements presented within 
this study Figure 4.3 [11, 25, 37, 86-88]. However, these differences could be attributed to the 
dissimilarities in optical measurement geometries. In studies further deriving optical coefficients 
by solving the inverse problem, thermal coagulation is reported to produce an increase in tissue 
absorption (1.3-2-fold) and reduced scattering (2-7-fold) [36, 74, 86-88]. In a systematic Monte 
Carlo study conducted by Calabro and Bigio, the effect of reduced scattering on measured 
reflectance was shown to strongly depend on the product of source-detector separation and reduced 
scattering values (dimensionless scattering, μs'ρ); increased scattering results in decreased 
reflectance within the diffuse regime (μs’ρ > 4) while resulting in increased reflectance when 
within the sub-diffuse regime (μs’ρ < 2) [56, 57]. Measurement configurations employed in prior 
studies, including integrating-sphere, fiber probes with small ρ and camera-based systems using 
wide-field illumination are likely to experience predominantly contributions from subdiffuse 
reflectance, thereby experiencing an increase in reflected light due to ablation-induced scattering 
changes. Considering the range of μs0 values for the untreated and ablated myocardium reported 
within the visible to NIR (4-30 cm−1) and a source-detector separation of 2.3 mm, it is likely that 
measurements presented within this study lie largely within the transition into the diffuse regime 
(1 < μs’ρ < 7) where the scattering influence on reflectance changes sign [56]. Although model 
fitting accuracies in this paper showed good agreement with experimental data (R2 ≥ 0.95), most 
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residuals occurred in moderately treated samples near approximately 775 and approximately 835 
nm. RRel spectra shown in Figure 4.3 for moderately treated samples exhibited a corresponding 
local minimum in reflectance at approximately 835 nm and an 18 nm red shift and broadening of 
the minima centered at approximately 758 nm. These observations may be due in part to potential 
changes in pH induced by thermal treatment that may have altered the spectral shape of distinct 
cardiac chromophores. Bowen et al[84] reported considerable sensitivity of Mmb extinction 
spectra to changes in pH. In spectrophotometric studies, formation of a broad peak near 
approximately 835 nm was apparent as pH transitioned from 7.4 to 8.0 and became more 
pronounced with greater alkalinity. This change was also coupled with considerable reduction in 
absorption after 860 nm. This observation was consistent with our measurements of increased 
reflectance noted after bands >900 nm in atrial samples and >870 nm in ventricular samples. 
Another possibility is that the local minima near 835nm is related to oxidized cytochrome c oxidase 
whose copper unit possess a broad absorption peak within this region[48]. LOI parameter 
calculations were based on these changes, while further studies are needed to investigate variations 
in pH during RF ablation. It is unlikely that the 2.3 mm source-detector separation employed 
permits a sampling depth that extends beyond 1 to 3 mm for the optical properties of ablated tissue. 
Therefore, we believe the apparent relationship of optically derived parameters to lesions beyond 
this range can be attributed to proportional changes within the sampled lesion core that correlate 
with amount of RF energy deposition. This hypothesis is supported by the plateauing of the 
regression model for deeper lesions (>4 mm) within the RV, suggesting that a wider source-
detector separation may be needed to extend the sampling depth for these cases. However, the 
current optical geometry is suitable for atrial tissue. Furthermore, because the method is sensitive 
to lesion size, transmurality of measurements are only ensured when the sampling volume extends 
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beyond the wall and into the pericardial fluid. Consequently, a measurement indicating a lesion 
size in its current state cannot ensure lesion transmurality without comparing depth to the local 
wall thickness. 
4.4.1 Study limitations 
Most RF ablations today are performed using irrigated catheters. In preliminary measurements on 
irrigated lesions (data not shown), treatment extent was underestimated by the current algorithm. 
However, the insights gained from these data suggest that irrigated lesions present differences in 
the distribution of endogenous damage markers, particularly near the catheter contact point which 
differ under nonirrigated treatment. Future studies are aimed at testing whether a separate 
estimation model trained solely on irrigated lesions could be used to enable regression analysis of 
treatment extent under these conditions. Albeit, the current classification model seems robust 
enough to distinguish between untreated and irrigated lesion and thus may be utilized to reveal 
gaps within irrigated linear ablation lines. Another limitation is that our proposed method was 
developed with spectra acquired while the catheter was in contact with the tissue orthogonally. In 
practice, however, catheter steerability is limited and ablations are often performed at various 
catheter-tissue contact angles. Ongoing work includes manipulation of optical geometries to obtain 
similar parameters from a wide range of contact angles. In recent years, the use of robotics assisted 
catheter navigation systems to enhance catheter control and maneuverability has shown promise 
in improving treatment safety and outcome [89-91]. Moreover, force-sensing catheters have been 
developed to allow operators to more precisely control the vector and amplitude of applied force. 
Fiber optic-integrated ablation catheters could be incorporated into such systems to meet contact 
angle requirements and enable on-line monitoring of optical parameters for reduced ambiguity in 
lesion durability assessment. Nonetheless, the proposed spectral analysis could potentially be 
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applicable in noncontact ablation systems to remotely monitor tissue treatment. Previous studies 
have shown that optical measurements can readily discern catheter-tissue contact in measurements 
made with surrounding blood through the increased tissue reflectance [18, 31, 82]. In this work, 
hemoglobin contributions were minimal based on spectral analysis, perhaps due to the removal of 
residual blood during sample preparation. This condition may differ within blood-perfused tissues 
encountered in vivo. In this case, LOI definitions may have to be modified in order to 
accommodate differences in physiological state. However, previous works demonstrating DRS 
measurement in vivo in calves showed that a lumped Hb and Mb absorption spectra was sufficient 
to produce reasonable fitting accuracies for extraction of myocardial oxygen saturation [47]. 
Furthermore, experiments were performed in ex vivo hearts from healthy swine. It is possible that 
alterations in tissue ultrastructure occur in concert with arrhythmia, which may produce differences 
in baseline optical properties [28, 92]. In the future, the combination of optical spectroscopy and 
OCT in a catheter-based setting can provide information about the tissue ultrastructure [28, 92] by 
OCT and lesion extent by spectroscopy.  
4.4.2 Extensions to the work 
Prospective studies are aimed at assessing the validity of the spectroscopic analysis under 
improved physiological conditions including in vivo experimentation in healthy pigs. These 
studies will help to evaluate the influence of hemodynamics and tissue oxygenation on spectral 
measurements and may produce additional features suitable for estimating treatment extent. 
Furthermore, concurrent pacing and mapping during these experiments will aid in exploring the 
relationship between lesion inducibility and extracted LOI and iMC parameters. Additionally, 
because typical treatment procedures could take several hours, extended studies are needed to 
investigate the stability of these parameters over time. Finally, patients with cardiovascular disease 
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may exhibit pathological changes within atrial and ventricular substrates [28]. Therefore, future 
studies will target evaluating treatment extent in the context of modified diseased substrates 
presented within ex vivo human donor hearts. 
4.5 Summary 
A method for real-time assessment of RFA lesion size in cardiac tissue has been presented based 
on thermally induced changes in chromophore composition detectable by NIRS. In addition, a 
classification algorithm has been proposed for checking probe-tissue contact fidelity by rejection 
of spectra impaired by blood. These observations have the potential to improve upon current 
strategies and outcomes with catheter ablation using nonirrigated catheters, however, further 
studies are needed to extend the algorithm to accommodate irrigated lesions. Direct estimation of 
lesion size during ablation treatment of AFib could provide useful indication regarding the 
likelihood of long-term isolation in the acute setting. These findings suggest a framework for rapid 





Chapter 5 Integrated M-mode Optical 
Coherence Reflectometry Catheter for 
Contact Orientation Assessment 
 
5.1 Background 
Percutaneous radiofrequency ablation (RFA) therapy is widely utilized for treatment of atrial 
fibrillation and is a promising alternative when pharmacological interventions have failed [2]. A 
fundamental goal of RFA treatment is the restoration of sinus rhythm through the electrical 
detachment of normal heart tissue from arrhythmogenic, pathological sites. Once ablation targets 
have been identified, catheter operators must establish sustained contact, under cardiac motion, 
throughout the duration of RF energy application. Current catheter tracking technologies detect 
the catheter tip position within a virtual, static anatomical shell. Although a stable reference devoid 
of motion aids in guiding catheter placement, it is often at the expense of registering the precise 
real-time tip electrode position relative to the beating heart [93]. Consequently, the quality of 
contact stability and orientation is often inferred from indirect parameters such as bioelectrical 
impedance, tactile feedback, or tip force [94, 95]. Direct imaging from the catheter tip might help 
to better inform of interrupted contact and suboptimal orientation during RF ablation that could 
limit energy transfer and thus lesion quality. Furthermore, the likelihood of arrhythmia recurrence 
has been associated in part with anatomical region [96, 97]. Such a device could assist in catheter 
micro-positioning in these problematic areas as well as within complex left atrial geometries. 
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Optical coherence tomography (OCT) is an emerging high-resolution imaging modality 
that has been previously used for assessing cardiac structural substrates [15, 28, 32, 34, 92]. 
Additionally, catheter-based derivations of OCT have been applied for monitoring RF lesion 
delivery [9, 15, 18, 28, 31, 34]. In this work, we sought to explore the use of OCT-integrated RF 
catheter imaging to inform on contact and orientation assessment. Utilizing a convolutional neural 
network (CNNs) based approach, we propose a technique for inferring the status of contact and 
orientation based on M-mode OCT images and validate it within swine left atrial samples in vitro. 
The technique shows promise in distinguishing between contact vs noncontact, in addition to 
tracking large differences within contact angle. 
5.2 Methods 
5.2.1 Integrated M-mode OCT system setup 
A grin-lens terminated single mode fiber was inserted through the irrigation channel of a 
commercial RF ablation catheter (Thermocool, Biosense Webster, Diamond Bar, CA) to enable 
endomyocardial M-mode imaging through an opening drilled at the catheter tip. A reference arm 
was fabricated to match the integrated catheter sample arm and both were integrated into a 
commercial spectral-domain OCT system centered at 1325nm (Telesto I, Thorlabs Inc, Newton, 
NJ). The axial and lateral resolution (prior to catheter mounting) was 7.5m and 18.5m in air, 
respectively. A 28 kHz line rate was used for M-mode acquisition with an averaging factor of 5. 
Data were acquired and processed using a custom program developed in C++ using the 





Figure 5.1 Integrated M-mode OCT into commercial RFA catheter and SDOCT system. (a) Schematic 
diagram of the M-mode integrated radiofrequency ablation catheter  system. FC fiber coupler; SMF single 
mode fiber; GL grin lens; C collimator; M mirror. (b) shows a close up of the imaging window at the 
catheter tip. (c) shows normalized representative spot diagrams for the sample arm fiber prior to (right) and 
post mounting (left) into the RFA catheter. Mounting incurs a slight broadening in the beam profile. 
5.2.2 Algorithm overview and dataset acquisition 
Algorithm development was based on OCT M-mode images acquired from the RF catheter tip. 
Each column corresponded to a sample reflectivity depth profile at a given time point. Units of 16 
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consecutive A-lines were used to compose a 2-D image for input into the algorithm. This small 
batch size was selected in order to ensure rapid acquisition and subsequent prediction to minimize 
susceptibility to motion artifacts. The objective of the algorithm was to predict the status of 
catheter-tissue contact and orientation given a limited group of A-lines. This was accomplished 
using a two-stage classifier which consisted of two binary sub-classifiers. The first sub-classifier 
was for discriminating contact from non-contact scenarios. Following contact affirmation, the 
input image was directed to the second sub-classifier which distinguished between two angle 
groups: large angle (greater than 30 degree) or small angle (less than or equal to 30 degree). Unless 
otherwise stated, all angles presented in this chapter were measured with respect to the surface 
parallel. A flow chart depicting the algorithm pipeline is shown in Figure 5.2. Each sub-classifier 
was based on convolutional neural networks and was implemented using the Keras deep learning 
framework with TensorFlow (Google LLC, Mountain View, CA) backend[98].  
Left atrial wedges were dissected from ten healthy swine hearts and submerged in whole 
blood. All swine hearts were acquired fresh from a nearby butcher (Green Village Packing Co., 
Green Village, NJ) and delivered within 24hrs of sacrifice. Data from the first three hearts were 
used for the contact sub-classifier stage, while the remaining hearts were utilized for the orientation 






Figure 5.2 Implementation of algorithm for guiding lesion delivery. (a) shows the envisioned  integration of 
the algorithm within the RF ablation work flow. (b) depicts the data pipeline  for the proposed two-stage 
classification of catheter placement. Input batches of A-lines are first used to determine established contact. 
Once contact has been confirmed, the algorithm will determine whether the catheter is oriented at a large or 
small angle to the tissue surface. 
testing and protocol optimization. In generating the contact dataset, the catheter was oriented at 3 
different angles with the tissue surface. For each angle, a micro-manipulator was used to adjust 
the angle and establish either contact or non-contact (blood interposed between tip and tissue 
surface) scenarios. In some cases specimen motion was induced to mimic cardiac contraction. 
Several positions across each specimen were measured in order to account for the spatial variability 
in anatomical features within left atrial samples. A total of 720,000 A-lines constituted the contact 
classifier dataset. Sample acquisitions are shown in Figure 5.3. Left atrial samples from seven 
fresh swine hearts were used for the orientation sub-classifier; five were used to train the classifier, 
and two were used for testing. A similar experimental setup was used as the data for the contact 
assessment. However, due to the undulated nature of the heart, data acquisition was limited to the 

















































challenge introduced by variations in surface topology. Each atrial wedge sample was first 
flattened and secured to a corkboard submerged in a container of whole blood. The container was 
then fixed on an automated stage to acquire M-mode images at 100 different positions across a 
predefined flat region. For each position, 8,000 A-lines were acquired for each angle and a total of 
three angles were acquired: 30, 60, and 90 degrees from the tissue parallel. Images from 60 and 90 
degree angles constituted the large angle orientation group, while 30 degree images made up the 
small angle group. Representative M-mode images are shown for each cohort in Figure 5.5. This 
data acquisition scheme was utilized to enable future algorithm extension from binary to ternary 
orientation discrimination. In this work, however, 
 
Figure 5.3 Example OCT M-mode images of contact scenarios. (a) depicts a representative non-contact image 
when the catheter is about 5mm or more away from the sample surface.(b)  shows an example image when the 
catheter is less than 1 mm away from the sample surface. Though not in contact, the endocardium is easily 
visible through the blood layer. (c) When the catheter is in contact with the left atrium under translational 
sample motion. Bar height and width corresponds to 100 m and 5 ms, respectively. 
because larger angles are preferred in practice, the dataset for large angular group was twice as 
large as the small angle group. A confusion matrix approach was used to evaluate the extent of 
bias due to unbalanced data sizes across classes [92, 100]. Prior studies utilizing CNN’s for breast 
cancer detection within an unbalanced set of histological images utilized such an approach to 




Figure 5.4 Ideal (a) and actual (b) sample catheter tissue orientations. Discrepancies induced by  
surface topology adds uncertainty X in precise angle estimation. Image adapted from [99] 
 
Figure 5.5 Representative images from the large (a) and small (b) angle categories of catheter  
orientation used in this study. Bar corresponds to 5ms. 
The collected OCT M-mode images were partitioned into training, validation and test sets. In order 
to fulfill the test speed requirement for the real-time assessment, M-mode images were considered 
in batches of 16 A-lines. Thus, an image size of 512x16 was used for the classifier input. Table 
5.1 shows the allocation of images for model development for each classification stage. In the 
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contact sub-classifier dataset 30,000 512x16 images were used for training, while the remaining 
data were split equally to form the validation (7,500 images) and testing sets (7,500 images). For 
the orientation classifier dataset, each of the seven hearts contained 150,000 512x16 images 
obtained from 100 different spatial positions in three different angular orientations. A five-fold 
cross validation experiment was conducted using five out of the seven hearts as shown in Figure 
5.6. For each fold, four of these five hearts were used for training. Images from the last heart served 
as the validation set, where 75,000 images were used. This process was repeated five times so that 
data from each heart would serve as the validation dataset once. A model was trained for each fold 
which was selected as the one which performed the best on their respective validation set 
throughout training. Additionally, for each fold, data from the two remaining unseen hearts was 
used as a test set to evaluate the performance for each model generated during cross-validation. 
The average accuracy across folds was computed as the cross-validated accuracy. The final model 
for the orientation sub-classifier was selected as the one out of the five models which obtained the 
best accuracy on the testing set. 
Table 5.1 Number of images used for sub-classifier development 
 Training Validation Testing 
Contact 30,000 7,500 7,500 





Figure 5.6 Approach for 5-fold cross validation of the orientation sub-classification model. Tr: Training; V: 
Validation; Te: Testing. H1-H7 correspond to the 7 total hearts used during the process. 
5.2.3 Contact vs noncontact sub-classification 
A shallow convolutional network architecture was used for the contact assessment sub-classifier 
as shown in Figure 5.7. It contained 3 convolutional layers, interleaved with max pooling. The 
kernel size for each convolutional layer was 31 and the filter dimension was 32, 32, and 64 for the 
first, second, and third convolutional layer, respectively. Horizontal and vertical strides were set 
to a default value of 1 and no zero padding was used. Afterward, the output is then flattened, and 
fed into a single fully connected layer followed with a dropout [101] layer with dropout rate of 
20%. Finally, a sigmoid activation function was used to predict the probability of the input being 
either contact or non-contact. A stochastic gradient descent optimizer was employed, with a 
learning rate of 0.01 and momentum of 0.9. Unless otherwise stated, the binary cross-entropy loss 
function was used for all optimizers within this study. A batch size of 64 images was used and the 
network was trained over a total of 100 epochs. The model which produced the best accuracy with 







Figure 5.7 Contact classifier architecture. Original M-mode image was cropped and sampled before insertion 
into the contact classifier. The basic unit enclosed within the bracket  was repeated for 3 times with same filter 
size, pooling size for the max pooling layer, and activation function. However, the filter dimensions for the 
convolutional layers were varied. The convolutional output was flattened and fed into a fully connected (FC) 
layer. The final output was activated using a sigmoid function to yield the final prediction. 
 
5.2.4 Contact orientation sub-classification 
It is difficult to differentiate between the large angle and the small angle from visual inspection. 
In addition, the features of the atrial specimen vary largely within-sample locations in addition to 
varying across atrial specimens from different swines. To account for these factors we explored 
the use of a shallow residual network as depicted in Figure 5.8 [102]. The input was first fed into 
a zero padding layer followed by a convolutional layer, batch normalization [103] layer, and a max 
pooling layer. Afterward, an identity block (Figure 5.9) with a convolutional layer in the shortcut 
was used to match the dimensions in the main path followed by two identity blocks as described 
in [19]. Both blocks skipped three convolutional and batch normalization layer combinations. This 
output was then subjected to average pooling followed by layer flattening. Subsequently, a dropout 
layer with 50% dropout rate, proceeded by a fully connected layer was used. Finally, a sigmoid 
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activation function was utilized to estimate the likelihood of the originating angle group (large or 
small) of the input data. Following preliminary experimentation testing a range of optimizers and 
hyperparameters, the Adadelta optimizer was chosen with an initial learning rate of 0.01, which 
previously demonstrated reasonable performance [104]. A 32 image batch size was used and the 
network was trained for a total of 100 epochs. Similar to the contact sub-classifier, the model which 
produced the greatest accuracy with the validation set was stored throughout training and selected 
as the final model. 
All CNN models were originally implemented in Python. To test in real-time, the models 
were convert to C++ by using the Frugally-Deep API [105]The real-time experimental setup was 
similar to that used when acquiring the training dataset. 
 
 




Figure 5.9 Two types of identity blocks. The first type (a) was used when the input and  output have the same 
dimensions. The identity block in (b) was used to match the case of  incongruent dimensions. 
5.3 Results and Discussion 
The test set performance and online model prediction times for both the contact and orientation 
sub-classifiers are shown in Table 5.2. The contact sub-classifier achieved close to 100% test 
accuracy while the orientation sub-classifier yielded a five-fold cross-validated accuracy at 
92.88%; the final orientation model obtained a 95.62% accuracy on the test set. The time taken for 
model predictions of a given input test image was 6.8 ms and 8.3 ms for contact and orientation 
sub-classifier, respectively. A possible reason for the reduced accuracy in orientation predictions 
could perhaps be explained by the lack of specificity of appreciable features. For instance, for a 
given tissue site, the largest differences between small angle and large angle images are the 
penetration depth and signal-to-noise ratio. For a particular specimen, the greatest penetration 
depth and signal-to-noise ratio is observed when the catheter is effectively normal to the sample 




observed to be fairly consistent within each sample for a particular site, it is difficult to distinguish 
this effect from image variations induced by native local tissue properties. 
Table 5.2 Test accuracies for contact and orientation classification stages, along with corresponding prediction 
times. 
Sub-classifier Test Set Accuracy (%) Mean Prediction Time (ms) 
Contact 99.96 6.8 
Orientation 92.88 8.3 
 
Contact force is an important parameter which can affect the contact angle given the soft 
and deformable nature of cardiac tissue. Our initial real-time experiments were conducted without 
controlling for the contact force. However, when we pilot tested on an atrial specimen, the standard 
deviation among different locations was considerable. We considered this may perhaps be caused 
by differences in contact force and conducted several experiments to verify this. In these 
experiments, classification results were tested when the catheter was placed in gentle contact and 
in firm contact with the atrial specimen. The accuracy results showed high consistency between 
catheter contact situations when the catheter was in gentle contact, producing an 89.97% accuracy 
which was close to the offline testing accuracy. To further illustrate the influence of contact force, 
we conducted another experiment in which the orientation classifier output was computed while 
transitioning from gentle contact to firm. In this experiment, the catheter was initially in light 
contact with the specimen surface at a small angle (less than 30 degrees). Increasing force was 
gradually applied to the sample by advancing the catheter further along the initial orientation plane. 
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The classification result transitioned from predicting a small angle into systematically predicting 
a large angle (Figure 5.10). This can be attributed to the soft, deformable nature of cardiac tissue 
which conforms to the catheter tip under moderate force, essentially producing a large contact 
angle scenario. In the future, we’d like to assess the impact of contact force and incorporate it 
within our model to improve orientation estimation. 
 
Figure 5.10 Real-time orientation prediction while contact force was varied. Small angles correspond to 
class 1 and large angle to class 0. Classification result gradually transitions from small to large angle as 
increased contact force is applied. 
 
Although strong performances within sub-classification accuracies were observed, there 
are several aspects that warrant further exploration. Firstly, the further optimization of contact 
quality classification speeds could better enable its use in downstream tissue analysis, such as RF 
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treatment monitoring. In this work, the training was conducted on a separate computer using a 
consumer grade graphics processing unit (GTX 1080, NVIDIA, Santa Clara, CA) and developed 
within the python-based Keras environment. For real-time implementation, the model required 
conversion to C++ for compatibility with the SpectralRadar SDK and integration with the OCT 
system acquisition code. Following this conversion utilizing the Frugally Deep framework, the 
reported prediction speeds were based on the C++ converted model running on an Intel i7-4770 
processor. GPU-based model predictions could potential improve classification speeds, however, 
is currently unsupported using the Frugally Deep framework and may require an alternative 
approach for integration with the OCT system. Nonetheless we observed adequate speeds within 
this work suitable for real-time feedback for operator guidance. Secondly, due to the wide spatial 
variability within the left atrium (e.g. endocardial thickness), the features among specimens have 
large differences, and within each individual sample, there is considerable variability among 
different positions. The dataset used for training and validation of the orientation sub-classifier 
was derived from five swine hearts and tested with two additional hearts. In certain angles, we 
account for location differences by taking 100 different positions for each sample. However, more 
samples may be needed to capture the within-sample variability and could help to improve the 
orientation classifier accuracy. 
Another future goal for the orientation sub-classifier is its extension from the two major 
angle groups into more resolved angular orientations. However, this may be challenging within 
M-mode images, where feature contrasts within LA images are dominated more by anatomical 
variability as opposed to differences seen from angular orientation influenced by Fresnel reflection. 
Future work will be aimed at modifying catheter designs to incorporate other orientation-specific 
contrast mechanisms. These changes may include multi-position measurement, e.g. by 2D 
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scanning of the sample arm beam or the integration of multiple M-mode sites within the catheter 
tip. However, further assessment of the importance of precise orientation on lesion size would be 
needed to justify the added complexity. It is possible that a coarse assessment of angle, such as the 
method presented in this work, is sufficient for guiding tip manipulation in a practical setting. 
5.4 Summary 
In summary, contact quality and contact orientation are important factors that influence lesion 
formation and subsequently affect the efficacy of RFA therapy. These parameters are 
challenging to determine and are often inferred from indirect measurements. This study 
demonstrates the potential of endomyocardial M-mode imaging using integrated catheters, along 
with CNN classifiers, to provide intraprocedural assessment of contact parameters. Evaluation of 
contact and orientation could be performed rapidly with high accuracy enabling the technology 
for real-time applications. Intraoperative feedback of these parameters could potentially help to 
optimize and maintain quality catheter placement to improve the reliability and reproducibility of 
lesion sets. 




Chapter 6 In vivo cardiac substrate 
assessment during ablation using multimodal 
ablation catheters 
6.1 Background 
In radiofrequency ablation (RFA) of arrhythmias, long-term treatment outcome is predicated in 
part on effective lesion delivery to interrupt electrical conduction and/or eliminate focal triggers. 
In either case, lesion durability is a critical factor for durable response.  Intraprocedural lesion 
assessment is limited, and areas of partial treatment driven by tissue edema (rather than tissue 
destruction) can permit conduction recovery and poor response to ablation[79, 106] . To address 
this need, two fundamental approaches, among others, are currently under investigation. The 
advent of lesion size predictors [107, 108], driven by the correlation of ablation parameters (force, 
power, contact force, time, impedance, etc) with average lesion size has been advanced as a 
criterion for prognosticating lesion sufficiency. Alternatively, another approach being pursued is 
the direct visualization of injury to the cardiac wall [10-12, 14, 18, 19, 23, 24, 30]. A technique 
combining these two approaches could aid by offering real-time assessment of lesion sufficiency 
derived from direct measurement of tissue necrosis.  
 Optical coherence tomography (OCT) is a high-resolution imaging technique that has been 
integrated into ablation catheters to reveal key procedural parameters [9, 15, 18]. Specifically, 
OCT has been shown to permit visualization of structural substrates in microscopic detail and 
readily discriminate between tissue types such as adipose, fibrotic myocardium, RF treated and 
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normal myocardium [9, 28, 29, 32, 33, 92]. Confirmation of catheter-tissue contact has also been 
demonstrated [18, 31]. Despite this added information, OCT evaluation of the degree of RF 
treatment remains challenging due in part to its limited penetration depth in cardiac tissue.  
In previous works, several groups have proposed the use of near infrared spectroscopy (NIRS) for 
estimating the extent of RF injury dealt to cardiac samples [30, 36, 37, 82]. NIRS is a point 
measurement technique that uses broadband light to interrogate tissue volumes and derive 
important physiological traits from spectral signatures. In this work, we developed a multimodal 
RFA catheter incorporating OCT and NIRS into the active electrode tip. Using a physical-model 
incorporating catheter light transport characteristics, tissue optical and biomolecular information 
are derived from NIRS spectra and related to lesion formation and detection sensitivity. Among 
other processes in effect during thermally-induced denaturation, heme compounds undergo 
oxidative changes in transitional states which impact absorption signatures [40, 109, 110]. Through 
application of our spectral deconvolution algorithm, the extent of lesion formation was shown to 
be commensurate with tissue scattering along with oxidation as measured by heme derivatives and 
a previously proposed heuristic parameter, the lesion optical index. NIRS measurement during in 
vivo pilot experiments enabled for the first time tracking of the heme oxidation cascade during 
lesion formation. Additionally, we demonstrate that combining these techniques leverages 
advantages of both modalities allowing for real-time imaging of endomyocardial structures, 
confirmation of orientation and sustained stable contact, and spectroscopic evaluation of treatment. 
6.2 Methods 
Optical Catheter Designs 
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The goal of this work was to develop a combined OCT-NIRS integrated RFA catheter for real-
time optical assessment of lesion progression. To accomplish this, four sets of catheters were 
developed throughout this study for catheter design optimization and testing:  multi-fiber NIRS 
(NIRS-MF), NIRS integrated with RF (NIRS-RFA), OCT integrated with RF (OCT-RFA), and 
lastly a fully integrated OCT and NIRS integrated with RF (OCT-NIRS-RFA).  A schematic 
illustration and final construction of the OCT-NIRS-RFA catheter is shown in Figure 6.1A-6.1D.  
To fabricate this, a commercial RFA catheter was modified to accept one single-mode and two 
multi-mode optical fibers within the inner saline channel (Figure 6.1C, 6.1D). The distal end of 
the single-mode fiber was terminated with a ball lens and focused OCT light onto the sample at a 
working distance and spot size of 0.5 mm and 20 μm, respectively. The single-mode fiber proximal 
end was integrated with a commercial benchtop OCT system (Telesto I, Thorlabs, Newton, NJ), 
which was adapted to accommodate the catheter-based design using an external reference arm. 
The central wavelength and bandwidth of the system was 1300nm and 150nm, respectively, 
producing a corresponding axial resolution of 6.5μm in air. All OCT measurements were acquired 
in M-mode at 5.5kHz for the data presented in this study. For NIRS measurements, one multi-
mode fiber was used to deliver light from a broadband lamp (HL-2000HP, Ocean Optics Inc, 
Dunedin, FL) onto the tissue. The remaining multi-mode fiber collected diffusely backscattered 
light at a source-detector separation of 0.33 mm. The collected reflectance was spectrally resolved 
using a spectrometer (600-1000nm) (C9405CB, Hamamatsu, Bridgewater, New Jersey). A 
detailed description of our NIRS system has been provided elsewhere [30]. This integration 





Figure 6.1 Combined OCT-NIRS radiofrequency ablation catheter. A: Cartoon illustrating salient features for 
OCT and NIRS optical measurement. B: Conceptual computer-aided design (CAD) model of integrated 
catheter. C, D: Finished catheter construction distal end showing embedded optical fibers for OCT and NIRS. 
E: Catheter side profile depicting form factor and size comparison.  F: CAD model with tip made transparent 
to show fiber tunneling through the saline channel and epoxy (black) embedding. 
Prior to the dual-modal implementation, each modality were integrated separately into RFA 
catheters (i.e NIRS-RFA and OCT-RFA) and used to evaluate the potential for guiding lesion 
delivery.  Prior studies have shown that source-detector separation can dramatically influence the 
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recovered spectral reflectance shape by adjusting the relative impact of absorption and scattering 
processes [56, 59]. To test this effect the NIRS-MF catheter was developed which allowed 
measurement of RF lesions at five source-detector separations ranging from 0.5-2.19mm (1.5-7Fr). 
The average maximum sampling depth for each source-detector separation was estimated through 
Monte Carlo (MC) simulations with previously reported myocardial optical properties[36]. Unless 
stated otherwise, all optically integrated RF catheters were fabricated in-house and were based on 
modified commercial irrigated catheters (Celsius Thermocool, Biosense Webster, Diamond Bar, 
CA). This was done to retain the inherent steerability, form-factor and compatibility with the 
commercial RF generator but consequently sacrificed the ability to irrigate. 
 
Figure 6.2 Absorption spectra of dominant cardiac molecular absorbers in the NIR regime derived from 
literature. 
In Vitro Experimental Protocol  
The experimental protocol for real-time measurement of lesion formation is similar to that used 
previously [30]. Fresh whole hearts (n=15) from healthy swine were acquired from a local butcher 
shop (Green Village Packing Company, Green Village, NJ). Segments of both atrial and 
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ventricular chamber walls were excised and submerged in a warm (37C), flowing bath of 
phosphate buffered saline. Samples were situated on a reference electrode with the endocardial 
surface exposed for ablation with either with optical catheters (non-irrigated), or intact irrigated 
catheters. Manual unipolar mode was utilized for all ablations where power and duration settings 
were varied between 20-30W and 5-60s, respectively, to create a range of partial and transmural 
lesions. Optical measurements were initiated just prior to the onset of ablation at baseline and 
recorded continuously throughout until several seconds post ablation. In the case of irrigated lesion, 
a 30 ml/min pump flow rate was used for irrigation and optical measurements were performed 
post-hoc to evaluate lesion sites.  A total of 44 lesions were made in swine left atrial tissue and 
were grouped into transmural (n=27) and partial (n=17). 
A similar ablation-optical measurement protocol was undertaken in human atrial samples (n=3) 
obtained from the National Disease Research Interchange (NDRI, Philadelphia, PA). The 
specimens were acquired through an approved protocol from the National Disease Research 
Interchange (NDRI). NDRI received consent for all donors. All specimens were de-identified and 
considered not human subjects research, according to the Columbia University Institutional 
Review Board Under 45 CFR 46. The inclusion criteria for the NDRI protocol incorporates both 
healthy hearts and diagnosis of end stage heart failure, cardiomyopathy, coronary heart disease, 
atrial fibrillation, and myocardial infarction. Following donor expiration, hearts were harvested, 
preserved on ice, and shipped via courier to our lab. Experiments were performed within 24-48 
hrs postmortem.    
In Vivo Experimental Protocol  
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Preliminary assessment of in vivo optical guidance of RFA was performed in a total of three pigs. 
Following approval by Columbia University’s Institutional Animal Care and Use Committee, 
healthy adult swine underwent endotracheal intubation for mechanical ventilation of mixed gas 
anesthesia isofluorane 1-5% for sedation. Physiological parameters including core body 
temperature, EKG, oxygen saturation, end-tidal CO2, heart rate, and respiratory rate were 
systematically monitored throughout the course of the experiments. A commercial RF generator 
was used as an energy source. Vascular access was obtained and percutaneous catheter navigation 
was performed under contrast-enhanced fluoroscopic guidance.  In the first two pigs, NIRS-RFA 
catheters were used for catheter guidance and lesion delivery. In the third pig, a dual-modal OCT-
NIRS-RFA catheter was deployed to guide ablation therapy. Following endocardial lesion delivery, 
the animal was euthanized and a thoracotomy was done for additional epicardial ablation and 
measurements for validation.  Hearts were then harvested and immediately placed on ice for further 
assessment of tissue injury.  
Histopathology 
Ablated swine cardiac specimens were bisected along the sagittal plane and acute RF injury was 
evaluated both macroscopically and microscopically. Macroscopic injury assessment was 
achieved by submerging sample halves within 1% triphenyltetrazolium chloride (TTC) over 
30mins followed by photography. For microscopic assessment, alternate halves were paraffin-
embed and stained using H&E and Masson’s trichrome staining. Histological techniques along 
were alone used for evaluating injury to human samples. 
NIRS model-based signal processing 
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Processing of spectral measurements was carried out using a previously published, spectral 
unmixing technique known as the inverse MC method [30, 81, 82, 111]. This technique takes into 
account details of light propagation for a given NIRS optical configuration to enable 
decomposition of relative reflectance spectra into underlying physiological changes. The 
processing algorithm is described in detail in Singh-Moon et al. is describe briefly here [30]. A 
measurement from a spectrally-flat reflectance standard and an optical phantom of known optical 
properties were used calibrate into relative reflectance (RRel), which is proportional to absolute 
reflectance. A MC-simulated look-up table was produced which characterized the reflectance 
relationship for each catheter given a range reduced scattering and absorption combinations. 
Absorption spectra were constrained to the set spanned by a linear combination of seven dominant 
cardiac chromophore extinction spectra: oxyhemoglobin (HbO), deoxyhemoglobin (Hb), 
oxymyoglobin (MbO), deoxymyoglobin (Mb), metmyoglobin (Mmb), hemichrome (HC), water, 
and collagen (Figure 6.2). Due to spectral similarities in the NIR, contributions of HbO-MbO and 
Hb-Mb were grouped together and expressed per heme group by normalizing to account for 
tetrameric and monomeric differences. Tissue reduced scattering spectra were modeled by a 
summed power law which considered Rayleigh and Mie scattering contributions. Data were fit to 
extract optical and biomolecular parameters for each spectra using a Levenberg-Marquardt 
nonlinear least squares method. The first lesion optical index (LOI1), previously validated for 
source-detector separations = 2.3mm, was also computed as the ratio between 964nm and 616nm 
reflectance [30]. 
Statistical Analysis 
Extracted optical parameters for each source-detector separation were compared between 
untreated (n=22) and treated (n=44) cases using Student’s t-test.   
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Blood Oxygenation Monitoring 
In addition to intraoperative assessment of lesion formation, NIRS measurement were made free 
floating in blood LV and RV chambers in vivo. Blood oxygenation was computed from NIRS-
derived biochemistry as follows: Oxygen Saturation = [HbO+MbO] / ([HbO+MbO] + 
[Hb+Mb])[47]. 
6.3 Results 
Effect of source-detector separation on NIR reflectance  
The impact of source-detector separation on NIR spectra was evaluated from a set of 66 swine left 
atrial sites including untreated (n=22), partially treated (n=17), and transmurally treated (n=27) 
tissues. Additional measurements were made on PV (n=5) and blood (n=4) samples for reference. 
Resulting reflectance spectra for each source-detector separation are shown in Figure 6.3. Spectra 
measured at short source-detector separations were generally linear in shape and presented a blue 
shifted center of mass (Fig 6.3A-B). Additionally, RF ablation induced an increase in broadband 
tissue reflectance for both partial and transmural lesions compared with untreated tissue. 
Conversely, spectra taken at larger source-detector separations presented greater fluctuations and 
nonlinearities in spectral morphology across the NIR region with a red-shifted center of mass 
(Figure 6.3E). Furthermore, RF ablation generated an overall decrease in tissue reflectance at the 
shorter bands and caused negligible changes at longer wavelengths. This difference in spectral 
presentation is likely due to variations in optical property-to-reflectance relationships caused by 
different optical geometries. Several studies have reported the reduced impact of tissue scattering 
at source-detector separations ranging from 1.5-2.4 mm [30, 56, 59, 76]. At small source-detector 
87 
 
separations, reflectance measurements fall within the subdiffuse regime; in this regime, reflectance 
is dominated by tissue scattering parameters and increases monotonically with the reduced 
scattering coefficient. Conversely, at larger source-detector separations, photons travel a longer 
depth (Figure 6.4) and pathlength which allows increased interaction with tissue absorbers. 
According to Beer-Lambert’s Law, this longer path effectively increases reflectance sensitivity to 
absorption. Additionally, higher frequency oscillations in reflectance spectra are more likely to 
result from absorption influence (Figure 6.2); these features were more prevalent and stronger in 
magnitude within the larger source-detector separation measurements tested. As source-detector 
separation decreased, these higher frequency components were attenuated and more linear 
regarding the overall spectral shape, indicating a diminished sensitivity to absorption effects. 
source-detector separations between these two extremes showcases the transition between these 
two regimes (Figure 6.3C-6.3D). 
 
Figure 6.3 Effect of Irrigated RF treatment on NIR reflectance spectra for various source -detector separations 




Figure 6.4 Effect of source-detector separation on mean photon sampling depth for NIRS measurements. 
Values were estimated using Monte Carlo probe simulations for average myocardial optical properties at 
800nm reported in literature[36] 
Effect of source-detector separation on extracted tissue parameters  
NIR catheter measurements were processed using a model-based MC technique for each source-
detector separation separately. The result of each fit is the unmixed decomposition of spectral 
reflectance into intrinsic tissue optical properties (absorption and reduced scattering spectra) and 
tissue biochemical concentrations. The comparison of extracted parameters for untreated and 
treated cases are shown in Figure 6.5 and were found to vary in discriminatory significance 
depending on source-detector separation. Derived value discrepancies across each source-detector 
separation could be attributed to the difference in sampling volumes (Figure 6.4), which is 




Figure 6.5 Statistical analysis for NIRS-derived parameters in response to RF treatment taken under various 
source-detector separations. Data presented as mean and 95% confidence interval. *: p<0.05; **: p<0.01; ***: 
p<0.001; #: p<0.0001; ##: p<0.00001. 
In Vitro OCT-NIR assessment of RFA  
Tissue contact was readily discernable within OCT M-mode images (Figure 6.6A, 6.6B). 
Additionally, the endocardial surface was visible through layers of whole swine blood as thick as 
1mm. Tissue contact produced an overall increase in image intensity and depth penetration in 
swine tissue. In Human left atrial tissue, a similar increase in intensity was observed within the 
endocardium, which is noticeably thicker, and reduced thereafter within the myocardium (Figure 
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6.7A-6.7C). Within swine samples, anatomical features. such as the endocardium, elastin fibers, 
myocardium, were clearly visible under translational motion. Under similar motion, the 
endocardium and sub-endocardial lipid infiltration features were appreciable within human right 
atrial specimens (Figure 6.7D, 6.7E). Without motion, a streak-like appearance is observed, 
indicating strong correlation of the A-line over time (Fig 6.6C, Fig 6.7A-6.7C). As RF energy is 
delivered, these streaks transition into a more granular texture indicating progressive decorrelation 
with adjacent A-lines. Post RF ablation, streakiness is gradually restored over the course of 5-10s. 
This effect could be attributed to ultrastructural tissue changes induced by RF energy, such as 
thermal expansion, tissue fragmentation and coagulation, followed by a restorative cooling 
response post-ablation. These effects can also be seen within the M-mode Doppler image presented 
within Fig 6.6D which was median filtered to reduced noise. A negative and positive change in 
Doppler angle indicates scatterer movement away and toward the catheter tip, respectively. It was 
observed that RF energy initially prompts a negative Doppler change which may suggest that 
initial changes within the zone of resistive heating are dominated by thermal expansion. Post-
ablation, the positive change in Doppler angle could indicate contraction as heat dissipates in the 
absence of energy application. The Doppler changes between these two points fluctuate between 
positive and negative angles and may be due to the collective interaction between the protein 
fragmentation and coagulation occurring in concert. The magnitude of angular, and consequently 
velocity changes tracked with energy settings (Figure 6.8). A similar response has been reported 
with previous studies using Doppler OCT to monitor thermal expansion and photocoagulation in 
laser-irradiated, unconstrained retinal and esophageal samples [112, 113]. However, in our case 
the catheter and heating element is compressed against the sample which causes thermal expansion 
to induce motion away from the OCT scan beam. In addition to tracking changes at the microscopic 
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level, larger structural injury markers such as endocardial detachment and micro-tears were also 
visualized (Figure 6.7A-6.7C). This effect was exacerbated with increased treatment settings. 
Intermittent catheter dis-contact was also clearly discernable is real-time as an increased spacing 
between the optical window and endocardial surface.  
 
Figure 6.6 Real-time M-mode OCT and NIRS monitoring of RFA in swine left atrium, ex vivo. A: M-mode 
OCT imaging through blood demonstrating clear visualization of the endocardium as the catheter approaches 
the sample. B: M-mode imaging in contact under translational sample motion showing clear structures within 
the myocardium. C: M-mode imaging during RF energy delivery over 40s. Arrows highlight changes in image 
texture from (left) streak-like, (middle) granular, and (right) restored streak-like appearances. Green and red 
dashed lines mark the initiation and termination of RFA. D: Doppler signal overlay onto structural M-mode. 
Negative and positive angles represent sub-micrometer movement away (thermal expansion) and toward 
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(contraction) the catheter tip, respectively. The slope of the white dashed lines highlight the rate of tissue 
expansion and contraction. E: NIR spectral response over the course of RF energy delivery. F: Inverse Monte 
Carlo model fits to experimental data for extraction of endogenous parameters. G: Resulting TTC stained 
lesion. H: NIRS-extracted optical parameters over the course of RF treatment. s’800 has been scaled by 0.1 
for plotting purposes. Units are cm-1 for s’800 , a,630  and (a.u.) for LOI1. I: NIRS-extracted globin derivatives 
over the course of RF treatment. 
 
Figure 6.7 M-mode OCT visualization of human atrial samples. A: Structural and Doppler M-mode imaging 
of human LA in response to RFA. Structural images capture the glimmerings of detachment of the 
endocardium from the myocardium. B and C: M-mode imaging for increasing RF treatment capturing severe 
endocardial detachment (structural) and uncoordinated energy impartation in the deeper strata (Doppler). D: 
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M-mode facilitated microscopic assessment of structural substrates within the human right atrium under 
translational motion. Clear substrate characteristics can be seen including endocardial layer thickness and 
diffuse sub-endocardial adipose. E: Corresponding H&E histology of D. 
In addition to M-mode imaging, simultaneous NIRS measurements were made during RF 
energy deposition using our OCT-NIRS-RFA catheter. A representative case for left atrial swine 
lesions is presented in Figure 6.6E-6.6I. Changes in spectral reflectance (Figure 6.6F) 
corresponded well with short source-detector separation measurements presented within the NIRS-
MF study (Figure 6.3). Specifically, a near doubling in RRel values were observed concurrent with 
a red shift in the spectral center of mass. Physical tissue parameters were derived from each spectra 
by fitting measurements to the MC model incorporating the OCT-NIRS-RFA optical geometry. 
An increase was detected in a,630nm and s’800nm compared to baseline while a small decrease was 
seen in LOI1.  Extracted tissue heme parameters from spectral absorption showed primarily 
Hb+Mb present at baseline which was reduced in concentration progressively with RF treatment. 
This reduction coincided with increases in tissue [HbO+MbO], [MMb], and [HC]. These findings 
agree with prior studies utilizing chemical analysis and alternative measurement modalities [14, 




Figure 6.8 Effect of increased treatment (left to right) on Doppler velocimetry in swine left atrial samples. 
Green and red dashed lines indicate the start and end of RF energy, respectively. The rate of thermal expansion 
and cooling are highlighted by the slope of the white dashed lines.  
In vivo NIRS guidance of RFA 
A set of pilot experiments were conducted to evaluate the potential of optically integrated catheters 
for assessing lesion progression in vivo. Initial experiments were conducted using NIR-RF 
catheters. Intrinsic tissue optical and biomolecular parameter dynamics were determined from 
NIRS measurements using the MC method incorporating the NIRS-RFA optical fiber arrangement. 
Figure 6.9 shows an exemplary case for percutaneous NIRS monitoring of acute lesion formation 
within the swine LV. An increase in s’800nm was observed immediately with RFA initiation and 
continued linearly throughout until plateauing mid-treatment (Figure 6.9B). a,630nm demonstrated 
a slight initial decrease followed by an exponential rise in magnitude mid treatment. This change 
was proceeded by slight linear increase with further treatment and stabilization post RFA. Similar 
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changes were observed with LOI1 which the exception of the initial decreasing response. 
Decomposition of spectral absorption into biomolecular constituents allowed for tracking heme 
kinetics during lesion formation (Figure 6.9C). Unlike ex vivo tissues, measurements from 
baseline, untreated tissues were richly oxygenated (high in [HbO+MbO] and low in [Hb+Mb]). 
RF energy first prompts an initial increase in [HbO+MbO] which then begins to sharply reduce 
upon progressive treatment. This reduction occurred in concert with an increase in [MMb] and 
shortly after, an increase in [HC]. These changes similarly stabilized mid treatment and remained 
stable in acute post RFA monitoring.  These results are well explained by heme kinetics during the 




Figure 6.9 In vivo demonstration of NIRS monitoring of lesion progression in a healthy swine. A: Fluoroscopy 
guidance of catheter manipulation inside the beating heart. B: Optical parameters time courses derived from 
NIR measurements in response the energy delivery. Green and red dashed lines indicate the start and end of 
RFA. C: NIRS-derived time courses of tissue biochemistry capturing kinetics of the heme oxidation cascade 
during RFA. D: Gross pathology of the lesion sample after postmortem dissection. E: TTC stained lesion for 
macroscopic assessment of necrosis (pale region). F: Corresponding Trichrome histology.  
In vivo OCT-NIRS guidance of RFA  
Following initial testing with NIRS-RFA catheters, an experiment was conducted to evaluate the 
potential of intraoperative RFA guidance using the dual modal combined OCT-NIRS-RFA 
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catheter in vivo. Representative data for catheter guidance and lesion monitoring within the swine 
RV are shown in Figure 6.10. M-mode OCT imaging through the catheter tip allowed for robust 
catheter contact assessment within the beating heart (Figure 6.10B-6.10D). Furthermore, when in 
contact, M-mode imaging allowed for catheter micro-positioning to ensure proper catheter 
orientation for optical measurement (Figure 6.10E). A clear increase in optical signal along with 
features indicative of tissue sampling was present in both modalities. M-mode imaging enabled 
clear visualization of the endocardium and myocardium layers. NIR spectral intensities appeared 
similar in magnitude and shape to those witnessed in contact ex vivo. During RF ablation, M-mode 
imaging enabled confirmation of sustained contact with the endocardium throughout the course of 
energy delivery. A slight increase in penetration depth was observed, however, the streaking 
features apparent in ex vivo samples were absent. This may perhaps be due to small displacements 
induced by cardiac and respiratory motion which cause decorrelation. Albeit, this motion aids in 
better visualization of larger endocardial and sub-endocardial structures.    
In large part, similar trends in optical and biochemical parameters were observed upon 
spectral processing, as demonstrated in Figure 6.10H, 6.10I. A monotonic increase in both a,630nm 
and s’800nm was observed with a slight decrease in LOI1 which corresponded well with short 
source-detector separation trends observed in the NIRS-MF experiments (Figure 6.5). RF ablation 
caused a similar increase in tissue [MMb] however, little to no [HC] was measured. This may be 
due to the difference in treatment extent compared with the prior example (Figure 6.10J vs Figure 
6.9E).  Additionally, we suspect the greater contribution of Hb+Mb may potentially be due to the 
increased deoxygenated blood within the RV which may have been interposed between the 
catheter and tissue. Nonetheless, NIRS monitoring of lesion formation was evidenced through 




Figure 6.10 Pilot demonstration of OCT-NIRS-RFA catheter deployment in live healthy swine. A: OCT-
NIRS-RFA catheter manipulation within the beating heart under fluoroscopic guidance. B and C: Real-time 
M-mode imaging feedback of catheter tip noncontact and contact, respectively.  D: A-line profile comparison 
of noncontact and contact cases. E: Example NIR spectra comparison of contact and noncontact cases. F: 
OCT M-mode imaging during RFA. Sustained contact with the endocardium is confirmed throughout the 
duration of energy delivery. G: A-line profile comparisons over the course of RF energy delivery showing an 
increase in treated signal amplitude along depth. H: NIRS-extracted tissue optical parameter dynamics in 
response to treatment. I: NIRS-derived time courses of tissue biochemistry showing evidence of oxidation 
during RF treatment. J: TTC stained lesion for macroscopic assessment of necrosis (pale region).  
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Arterial and mixed venous blood oxygen saturation are important parameters for assessing 
whether the systemic metabolic oxygen demand is met. NIRS measurements of SaO2 and SvO2 
were made by computing the fraction of [HbO+MbO] to the total heme concentration ([HbO+MbO] 
+ [Hb+Mb]) directly within LV and RV blood, respectively. Results were shown to be within the 
range of values previously reported for SaO2 (99.9%) and SvO2 (61.7%) (Figure 6.11). 
 
Figure 6.11 Application of NIRS-derived oxygen saturation in live pigs. A-C OCT-NIRS-RFA floating 
position in the RV, along with the spectral variation across several cardiac cycles. RV deoxygenated blood 
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saturation indicates the metabolic load of the body, which is captured just prior to re -oxygenation by the lungs 
D-F similarly shows specral variations of the NIRS-RFA catheter afloat in the LV, which is primarily 
oxygenated blood prior to pumping to the body. G shows the model-derived oxygenated fraction within RV 
blood and LV blood. Values are in agreement with those reported previously in literature for healthy swine. 
6.4 Discussion 
In this work, we developed and validated the pairing of OCT M-mode imaging with NIRS as a 
combined tool for real-time substrate characterization at the RFA catheter tip. In preclinical 
measurements, the parameters which influence NIRS sensitivity to lesion detection are explored 
and used to track lesion delivery in ex vivo and in vivo settings under OCT M-mode guidance.   In 
current ablation catheter technology, substantial limitations in real-time lesion assessment 
represent a major limitation in treatment efficacy [106]. Transcatheter OCT and NIRS 
measurements in response to RF energy deposition provide quantitative information regarding the 
characteristics of treated tissue. A number of key contributions are presented for the first time 
which showcase the enormous potential of combined OCT-NIRS for characterizing the modified 
cardiac substrate. Firstly, we demonstrate the ability for M-mode OCT to enable real-time 
visualization of thermally-induced microstructural alterations during RFA treatment. These 
changes were expressed in proportion to treatment extent (Figure 6.6D, Figure 6.8) and coincided 
with a granular texture in M-mode images. Future work will further explore the relationship 
between the thermally-induced Doppler changes with lesion size.  A second novel contribution is 
the intraoperative tracking of kinetics within the heme oxidation cascade for lesion formation 
monitoring. NIRS-derivations of tissue biochemistry captured ferrous heme species (Hb, HbO, Mb, 
MbO) transitions into ferric derivatives (MMb, MHb, HC), which indicate the impairment of 
reversible oxygen binding potential and denaturation [40, 109, 110]. These findings corroborate 
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previous studies utilizing MR, chemical assays, and other post-hoc measurements within other 
optical modalities [14, 24, 36, 82]. Additionally, M-mode imaging represents a novel modality that 
shows promise in determining catheter orientation and sustained contact with tissue. The 
combination of OCT-NIRS provides a more comprehensive profile of tissue damage by allowing 
for immediate structural and biomolecular tissue characterization. Additionally, because these 
modalities rely on intrinsic tissue contrast, measurement could be performed frequently which 
renders the technique suitable for disintegrated standalone mapping. In previous work, we have 
demonstrated a NIRS-based model for estimating lesion depth within ex vivo swine specimens[30]. 
Future studies will investigate the potential for a composite index synthesizing the various 
parameters extracted from both modalities across various source-detector separation geometries. 
Current results suggest that parameters related to heme oxidation and s’800nm are superordinate in 
regards to thermal injury assessment; this list expands to includes a,630nm and LOI1 for large 
source-detector separations. Models based on optical parameters offer direct tissue analysis and 
measurement repeatability as opposed to ablation settings-based treatment indices such as force-
time integral and lesion size indices.  Furthermore, the combined catheter could serve as platform 
technology for providing insight into the structural and biochemical processes which underlie 
various complex cardiac diseases.  Tissue characterization on this platform can be linked to 
standard lesion assessment tools for full validation of lesion transmurality. 
Study Limitations and Future Work 
Despite the promise demonstrated in this study for this technology, several limitations exist. Firstly, 
the optical assessment is restricted to healthy acute lesions; scar development from remodeled 
lesions have yet to be measured. While it is expected that some features will such as s’800nm will 
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remain predictive, compositional changes may reveal an altered optical-biochemical profile as 
indicative. For example, a significant change in collagen was detected in acute ex vivo lesions at 
larger source-detector separations, this parameter is likely to change substantially during 
remodeling. Indeed, longitudinal studies tracking lesion healing will help to inform on how to 
incorporate these details within the treatment estimation model.  Such a study could also give 
insight into the relationship between acutely measured parameters to the extent of long-term scar 
development. It is also possible that other changes in tissue composition may occur in concert with 
thermal treatment which are not account for in our current model (pH changes, Cytochrome C 
oxidase, etc.). However, due to low residual during fitting, this effect was assumed to be minimal. 
Another limitation is the sensitivity of optical tissue sampling to contact orientation. Future designs 
will incorporate a more omnidirectional measurement scheme. However, we found that the 
inclusion of M-mode imaging mitigates this issue in part by providing real-time visual feedback 
of the tip position for catheter manipulation to achieve this condition.  A current hardware 
limitation is the need sacrifice irrigation functionality for optical fiber integration. Thus, the proof-
of-concept experiments demonstrated here for real-time tracking were conducted in non-irrigated 
lesions. This is due to the current catheter design which relies on modification of a commercial 
catheter. Future catheter designs will have to be outsourced for fabrication to enable real-time 
tracking during irrigated lesion formation. Nevertheless, it should be noted that trends in NIRS 
parameters tracked with post-hoc measurements on irrigated lesion data (Figure 6.5). 
6.5 Summary 
In closing, we developed a dual-modality, OCT-NIRS RFA catheter and demonstrated its utility 
for reporting key procedural information in ex vivo and in vivo experiments. Experiments revealed 
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that information from the two systems were complimentary i.e. NIRS revealed lesion formation 
through optical and biomolecular signatures while OCT M-mode enabled monitoring of thermally-
induced microstructural alterations. M-mode imaging was also critical for visualizing tissue 
anatomy, verifying catheter-tissue contact orientation, and ensuring spectroscopic data fidelity. 
Direct optical assessment of the cardiac substrate could aid in supplementing current lesion 





Chapter 7 Optical Spectroscopic Anatomical 
Mapping of Epicardial Substrates 
7.1 Background 
Since its introduction by Sosa and colleagues, epicardial ablation has grown into a viable primary 
and auxiliary treatment for the management of ventricular arrhythmias such as ventricular 
tachycardia (Vtach)[114]. In many cases, regions of slowed conduction such as post-infarcted, scar 
border zones constitute the substrate for tachycardia-inducing re-entrant circuits and are therefore 
candidate targets for ablation[115, 116]. Previous reports estimate that about a third of Vtach 
presentations fail treatment by endocardial ablation, due in part to origins extending mid-wall or 
epicardially which rendering them inaccessible from the endocardium alone[117, 118]. While 
epicardial pursuit is recommended in such instances, differences between endo- and epicardial 
structures, such as lipid distribution and vascularity, can complicate treatment efforts.  In the case 
of epicardial fat, it’s presence has been shown to limit radiofrequency (RF) energy penetration and 
could also lead to ambiguities in electrograms which mimic scar or lesions[119].  Moreover, due 
to the exposure of epicardial vessels, repeat angiograms are routinely performed during catheter 
navigation to avoid sequela caused by injury to coronary circulation.  A technique to enabling 
tissue discernment at the catheter tip could help improve therapeutic interventions by resolving 
electrogram uncertainties and preventing accidental ablation of coronary vessels. 
In previous work, optical coherence tomography (OCT) has enabled imaging of epicardial fat in 
histological detail [33, 120]. However, prior studies indicating the influence of overlying fat on 
ablation lesion report significant damping of RF energy penetration in fat layers >3mm, which 
exceeds the imaging range offered by OCT in cardiac tissue[121]. Near-infrared spectroscopy 
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(NIRS) is an optical sensing technique influenced by intrinsic signatures of tissue ultrastructure 
and molecular absorbers. It has been widely utilized in a variety of medical applications from 
standard measurements of pulse oximetry to, more recently, its application toward intravascular 
discrimination of lipid-core plaques within coronary arteries [122, 123].  Therefore, we 
hypothesize that NIRS could aid in mapping structures over the epicardial surface. To this end, we 
developed a custom NIRS-integrated ablation catheter. The optical configuration is designed in 
such a way to bias measurements influence toward attenuation by molecular absorbers. A 
parameter is introduced, the adipose contrast index, (ACI) which is used to estimate the local tissue 
lipid content from NIRS measurements. Three-dimensional renderings of NIRS-extracted ACI are 
correlated with histological fat thickness assessment. Furthermore, we show the extension of NIRS 
toward coronary vessel detection and additionally mapping of lesion delivery using a previously 
reported lesion contrast parameter, the lesion optical index[30].  
7.2 Methods 
7.2.1 Experimental protocol 
Human donor hearts (n=9) were acquired from the National Disease Research Interchange (NDRI, 
Philadelphia, PA). NDRI received consent for all donors. All specimens were de-identified and 
considered not human subjects research, according to the Columbia University. Institutional 
Review Board Under 45 CFR 46. The inclusion criteria for the NDRI protocol incorporates both 
healthy hearts and diagnosis of end stage heart failure, cardiomyopathy, coronary heart disease, 
atrial fibrillation, and myocardial infarction. Table 1 shows a summary of donor medical histories 
for the hearts used in this study. Experiments were conducted within 24-48hrs following donor 
expiration.  Ventricular halves were dissected and submerged under temperature-maintained (37oC) 
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phosphate buffered saline.  A commercial irrigated RFA catheter (Thermocool, Biosense Webster, 
USA), generator (Stockert 70, Biosense Webster, USA) and irrigation system (CoolFlow, 
Biosense Webster, USA) was utilized to delivery lesion sets over the epicardial surface. To create 
lesions of different sizes, ablation duration was varied between 10-60s, while power and flow rate 
settings were fixed at 30W and 5mL/min, respectively. Following lesion deliver, hearts were 3D 
scanned to obtain a point cloud of the ventricular surface. After scanning, the specimen was 
situated on a platform for subsequent epicardial NIRS sampling with camera tracking of sampled 
sites. An average of 68 measurements were made per heart. 
For vessel detection experiments, the left anterior descending (LAD) artery was identified 
and cannulated. Whole swine blood acquired from the butcher (Green Village Packing Company, 
NJ) was perfused through the vessel with pulsatile flow. Flow settings were adjusted between 0-
15 mL/min to mimic different heart rates. NIRS measurements were made on the vessel surface 
during perfusion to assess the feasibility of vessel detection.  
Table 7. 1 Donor Medical Histories (n=9). AF - atrial fibrillation; CA – cardiac arrest; CAD - coronary artery 
disease; HTN - hypertension; MI - myocardial infarction; DVT - deep vein thrombosis; TB - tuberculosis; S - 
stroke; RF – respiratory failure; STEMI – ST elevation MI; COPD - chronic obstructive pulmonary disorder; 
DM – diabetes type 2; CHF – congestive heart failure; CKF – chronic kidney disease; KF – kidney failure; 
ICH – intracerebral hemorrhage; CPA – cardiopulmonary arrest. 
Heart # Age Sex Disease History Cause of Death 
1 70 M AF, CAD, HTN, MI CA 
2 38 M CAD, HTN, DVT STEMI 
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3 57 F TB, S CA 
4 57 M COPD, DVT RF 
5 66 M CAD, HTN, DVT STEMI 
6 57 F CAD, COPD, HTN S 
7 69 M DM, CHF, HTN, CKD ICH 
8 46 M KF CPA 
9 54 M CAD, HTN STEMI 
 
7.2.2 Optical catheter designs 
Figure 7.1A shows a schematic illustration of the NIRS-integrated RFA catheter. The system has 
been described in detail elsewhere and is only briefly described here[30]. A custom tip electrode 
was fabricated to accommodate NIRS illumination and collection optical fibers and was integrated 
with a commercial RFA catheter. The fiber between the illumination and collection fibers was 
adjusted to bias measurement influence toward tissue absorption and minimize the influence of 
scattering. A broadband lamp (HL-2000HP, Ocean Optics Inc, Dunedin, FL) was used for tissue 
illumination and the diffusely backscattered collected light from the tissue was recorded by a 




Figure 7.1 Near-infrared spectroscopy (NIRS) integrated catheters for mapping. A: optical fibers integrated 
into the catheter tip allow for tissue illumination and sampling of tissue backscattered light. The source -
detector separation (SDS) is a design parameter which influence the amount of co llected light and its 
sensitivity to absorbing molecules. B: shows NIR reflectance spectra normalized at 960nm for sites absent of 
and richly coated with epicardial fat for a given sample. Also plotted is the absorption spectrum of lipid 
obtained from literature[51]. Black arrows indicate a local minima centered at 930nm reflectance 
corresponding to a strong lipid absorption peak. 
7.2.3 NIRS model-based processing 
NIR spectral measurements were calibrated into relative reflectance (RRel) in a similar manner to 
that which has been reported previously[30, 82]. This process included dark subtraction, system-
response correction, and normalization from a measurement taken on a phantom of known optical 
properties.  Figure 7.1B shows representative the absorption spectrum of fat along with NIRS 
measurement for a lipid rich and lipid scarce area. Based on changes in spectral morphology, we 
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introduced a new parameter, the adipose contrast index (ACI), designed to accentuate lipid regions 
describe in Eq. 7.1: 





𝑑𝜆         (7.1) 
where  is the spectral region 600-1000nm. In order to map ablated sites, a previously published 
parameter [30], the lesion optical index (LOI1) was also computed as follows: 
𝐿𝑂𝐼1 =  
𝑅𝑅𝑒𝑙(960𝑛𝑚)
𝑅𝑅𝑒𝑙(616𝑛𝑚)
       (7.2) 
Finally, for hemoglobin tracking, measurements were fit to a model-based, spectral unmixing 
algorithm known as the inverse Monte Carlo (MC) method[30, 82]. This technique utilizes 
simulations of probe light transport to determine the chemical concentrations of molecular 
absorbers for a given NIRS reflectance spectrum[30, 82]. This model was used to extract total 
hemoglobin time courses during coronary vessel perfusion. 
7.2.4 Point-cloud co-registration 
Following RFA and prior to optical NIRS mapping, ventricular halves were 3D scanned to 
generate a point cloud of the epicardial surface topology (Figure 7.2). After scanning, optical 
measurements were taken across the epicardial surface with simultaneous camera tracking of 
sampled locations. A set of affine transformations were applied to optimally oriented the point 
cloud such that the 2D projection matched the camera image. This permitted a linear transfer 
relationship between camera image pixel coordinates and the 2D projection of the point cloud. 
NIRS-derived parameters for each measured site was then interpolated (bi-harmonic) over a 
structured grid enclosed by the convex hull of the measurement sites and mapped onto the 3D 
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surface. This process functioned as a surrogate for clinical mapping systems which track the 
position electrical measurement and creates a shell using measured and interpolated values. 
 
Figure 7.2 Proof-of-concept experimental workflow for near-infrared spectroscopic epicardial mapping.  
7.2.5 Histopathology 
Following NIRS sampling, hearts were fixed in formalin, then cut obliquely across the optically 
sampled region. These slices were photographed for macroscopic assessment and paraffin-
embedded for subsequent histological processing.  Hematoxylin and eosin (H&E) and Masson’s 
trichrome staining was performed for microscopic tissue analysis. Samples slides were reviewed 
by a board certified pathologist and local epicardial fat thickness was measured for correlational 




Figure 7.3 Histological measurement of epicardial fat layer thickness. A: gross pathology cross-section 
showing epicardial fat (EF) and adjacent myocardium (M) layers. B: shows corresponding trichrome histology 
and measurement of EF thickness. C: shows a magnification of the box in B showing the appearance of fat in 
microscopic detail. 
7.2.6 Statistical Analysis 
Correspondence between ACI values extracted over measured and interpolated sites and 
histologically-derived fat layer thickness was quantified using the Pearson’s correlation coefficient. 
Significance was marked by p-values less than 0.05. Prism 8 software (Graphpad, San Diego, CA) 
was used for all statistical analyses.  
7.3 Results 
7.3.1 Three-dimensional ACI maps for lipid distribution and ablation sites 
Figure 7.4 shows three-dimensional renderings of ACI and LOI1 maps. Regions rich in epicardial 
fat had an orange-yellow appearance on photograph gross pathology and 3D scanned mesh 
renderings. Furthermore, the spatial deposition of fat was well-represented in ACI maps. Regions 
with muscle visibly exposed was well-defined in contradistinction to ACI maps. For lesion tracking, 
LOI1 maps demonstrated detection of RFA treatment sites as confirmed by trichrome histology 
(purple hue regions), however, individual lesions were difficult to discriminate. This may perhaps 
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be indicative of a minimum spatial sampling requirement which is discussed more in detail in the 
following section. Minimal LOI1 values were observed outside of RFA regions which may be due 
to the native decomposition of myoglobin into metmyoglobin and hemichrome, which is also the 




Figure 7.4 Proof-of-concept maps of adipose and lesion deposition contrast derived from near -infrared 
spectroscopy (NIRS) measurements. A: shows a 3D mesh obtained from 3D scanning of the ventricles. B: 
shows the sampled region of optical measurements tracked by a separate camera. C: shows the spatial 
distribution of the adipose contrast index (ACI) rendered onto the 3D scanned point cloud topology. D: shows 
the spatial distribution of the lesion contrast parameter, the lesion optical index (LOI 1). E: shows a composite 
overlay of both adipose and the thresholded lesion contrast maps. A cross-section of the tissue was taken along 
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a region demonstrating a lesion and transition from a thick to thin epicardial fat coating. NIRS maps showed 
good agreement with gross pathology and histological correlates of treatment and fat thickness  
7.3.2 Comparison between ACI vs fat layer thickness 
Linear segments were sampled over derived ACI maps for all hearts and compared to 
histologically-determined fat layer thickness. Fat tissue was identified as regions of honeycomb-
like appearance within histological images (Figure 7.2C).  Comparisons for extracted epicardial 
fat layer thicknesses and ACI values along the over the same regions are shown in Figure 7.5.  ACI 
values were commensurate with fat layer thickness over the range of values studied (Pearson’s, R 
= 0.903, p<0.0001).  
 
Figure 7.5 Relationship between adipose contrast index (ACI) and histologically-measured epicardial fat 
thickness. Line segments across ACI maps were sampled according to corresponding tissue dissected and 
preserved regions. Histological evaluation of fat thickness correlated linearly to AC I values (Pearson’s, 
R=0.903, p<0.0001) up to 10mm.  
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7.3.3 Coronary vessel detection 
NIRS measurements were taken in contact with the cannulated LAD artery during pulsatile blood 
perfusion (Figure 7.6A, 7.6B). Following spectral decomposition using the inverse MC processing 
method, oscillatory dynamics within total hemoglobin concentrations were detected and 
corresponded well to pump flow rate settings (Figure 7.6C).  
 
Figure 7.6  Near-infrared spectroscopic coronary vessel detection. A: shows the 3D scanned model of oriented 
to show the left anterior descending artery (LAD). B: shows the experimental setup which involved LAD 
cannulation and perfusion with whole blood under simultaneous optical measurement. C: shows derived total 
hemoglobin (HbT) concentrations using a previously published spectral unmixing method, the inverse Monte 
Carlo method. Vessel-catheter contact was confirmed by detection of pulsatile HbT dynamics which 
corresponded with flow rate settings. 
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7.4 Discussion  
In this work, we developed a NIRS-integrated catheter and mapping algorithm to track the 
distribution of epicardial features including adipose, acute lesions, and detect coronary vessels. 
Electroanatomical mapping of the epicardial substrate is routinely performed to identify ablation 
targets and evaluate success lesion delivery. Visceral fat layers of sufficient thickness exhibits a 
drop in electrical voltage, which could also be misconstrued as post-infarct scar or necrotic lesions, 
each of which require different responses when [119].  Furthermore, fat interposition has been 
shown to limit radiofrequency energy penetration and thus lesion delivery[121].   Prior studies 
showed that layers of fat >3mm in thickness required greater power and irrigation settings to 
produce comparable lesion sizes compared to thinner fat layer impositions[121]. The capability 
for differentiating tissue types through with ACI and LOI1 maps could help to resolve ambiguities 
in electrogram measurement and better inform ablation strategies. Additionally, prior studies have 
posited that presence of epicardial fat plays a significant role in the pathogenesis of 
arrhythmias[124-128]. The proposed device and technique could help to further assess the role of 
fat and its spatial distribution on the arrhythmias.  
Previously, quantification of fat volume over the heart surface has been demonstrated using 
magnetic resonance (MR) and computed tomography (CT) –based imaging techniques[124, 128]. 
While accurate assessment can be performed, these techniques require impose the burden of 
additional time and cost to the procedure and maybe contraindicated in patients with implantable 
devices such as pacemakers. ACI values presented in this work were calculated in <0.23ms on 
average making it suitable for real-time, ad-hoc assessment of lipid and lesion extent. Furthermore, 
distributions could be acquired alongside the initial electrical mapping phase adding little to no 
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additional time to the procedure. Moreover, radiofrequency ablation treatment near coronary 
vessels can risk vessel trauma, which can lead to downstream sequela[129]. NIRS-detection of 
vasculature through assessing dynamics in total hemoglobin concentrations could help to reduce 
the need for repeated angiograms when positioning catheters to avoid vessel injury.  
Study Limitations and Future Work 
Measurement co-registration was performed using a 3D Scanning and camera tracking, which 
functioned as a stand-in for a mapping system. Further studies may be needed to verify the with 
renderings of ACI and LOI1 maps produced using mapping systems such as EnSite (Abbot, Illinois, 
USA). Additionally, experiments were conducted in ex vivo human donor heart, there comparisons 
between ACI values of lipid thick regions and electrogram voltage presentations could not be 
compared. In this work, though LOI1 maps were able to identify the general area of lesion delivery, 
we did not observe clear differentiation between ablation sites. Further studies are needed to assess 
the role of sampling density on the presentation of lesions within LOI1 maps. Indeed, such 
experiments could be informative on designing optimal mapping catheters incorporating NIRS for 
lesion gap identification. Prior studies using fine spatial sampling of NIRS measurements 
demonstrated gap detection of <1mm.  
7.5 Conclusion 
In summary, we present a catheter and approach for obtaining NIRS-derived parameter maps for 
the epicardial surface. The technique is shown capable of mapping epicardial fat distributions and 
acute lesion delivery in human ventricular samples, in vitro. The identification of coronary vessels 
is also demonstrated. An adipose contrast parameter is introduced which is shown to correlate with 
118 
 
histological fat layer thickness. Direct NIRS assessment of tissue types at the catheter tip could 



















Chapter 8 Conclusion 
8.1 Summary and research contributions 
In this treatise, we presented the design and development of optical reflectance spectroscopy and 
optical coherence tomography catheters integrated with radiofrequency ablation catheters for the 
application of characterizing myocardial tissues. Specifically, we explored the parameters which 
influence the catheter reflectance through simulations of light transport to design a system sensitive 
to changes in molecular absorbers in tissue. Based on this design we fabricated integrated 
reflectance catheters and proposed a model for estimating the extent of radiofrequency ablation 
treatment dealt to myocardial tissue. We then developed an optical coherence tomography catheter 
based on lensed fibers integrated at the catheter tip for direct endomyocardial imaging. From this 
data we derived a neural network based algorithm to discriminate large changes in catheter contact 
angle. Following these separate catheter implementations, we explored their dual modal 
integration into a single catheter and validated its use for tracking RF treatment in human and 
porcine tissues. Finally, we showcased the feasibility of utilizing optical reflectance catheters as a 
tool for mapping the epicardial substrate in a proof-of-concept study.  
A few notable contributions are worth mentioning. Firstly, this work provides 
improvement to current understanding of how changes in myocardial molecular composition relate 
to RF injury. Specifically, we demonstrate for the first time the real-time tracking of RF-induced 
oxidation and impairment of heme compounds which agree with prior literature. Furthermore, a 
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better understanding of the influence of catheter measurement geometry on lesion assessment is 
provided which help to guide optimal catheter design. We additionally demonstrate for the first 
time the real-time tracking of micro-velocity changes induced by thermal expansion and 
coagulation to monitor lesion delivery in OCT images. Finally, the use of spectroscopic mapping 
has been correlated to gold-standard metrics for assessing the adipose distribution over the 
epicardial landscape. These contributions have the potential to improve upon current practices of 
treatment of cardiac rhythm disorders by enabling better intraoperative characterization of tissue, 
which can assist in improving the efficacy of single procedures.  
8.2 Future research directions 
Though the results demonstrated herein show promise for potentially improving RFA strategies, 
several extensions of this work could further enable progress toward the clinical application of 
these tools. In this section, we will consider an outlook on some future developments.  
8.2.1 Comparison of optical measurements to conventional methods 
Throughout this work, several methods have been proposed for direct optical lesion assessment. 
In order to further elucidate the clinical advantage this would pose, comparison studies would have 
to be conducted with conventional methods. This could include both acute and chronic 
investigations in live tissue, which could help to co-register optical measurements with maps of 
electrical functionality.  Also of interest are head-to-head comparison studies of lesion delivery 
and monitoring with existing tools and the proposed techniques. Such work could also give 
valuable insight into how best to integrate optically-derived information into ablation strategies. 
121 
 
8.2.2 Artificial neural network-based regression for rapid optical property recovery 
Repeat procedures for radiofrequency ablation (RFA) treatment of atrial fibrillation are often 
performed to exterminate pre-ablated regions with restored excitability. Such lesions promote 
arrhythmia recurrence, partly due to the difficultly of intraoperatively discerning the extent of 
immutable versus temporary damage delivered to the tissue. Prior studies indicate that extensive 
thermal coagulation, associated with irreversible damage, produces a significant change expressed 
within the tissue phase function parameter, g [36]. However, these studies required excision of thin 
myocardial slabs in order to determine changes in scattering angle distribution from measurements 
of transmission and reflectance. In initially testing, we developed a model for characterization of 
the tissue phase function based on multi-distance reflectance (MDR) measurements at the catheter 
tip. The technique utilizes an artificial neural network (ANN) to directly derive phase function 
parameter,  (=(−g2)(−g)), along with tissue absorption and reduced scattering coefficients 
directly from MDR measurements. A custom mapping catheter was fabricated which acquires 
MDR measurements using an optical switch, a micro-controller, a broadband lamp, and a 
spectrometer. The ANN was trained using synthetic data produced by Monte Carlo simulations 
considering the catheter optical geometry. Preliminary experiments indicate that the method is 
capable of determining full spectra of , a, and s’ in <0.5ms with reasonable accuracy (Figure 
8.2.1). Future studies will explore optimal architectures for accuracy improvements. Moreover, 
future studies will assess the impact of progressive RFA on  within ex vivo cardiac samples and 






Figure 8.2.1 Preliminary synthetic and experimental test predictions of the proposed artificial neural network 
based regression of multi-distance reflectance measurement for (a) absorption, (b) reduced scattering, and (c)  
phase function parameter, gamma.  
 
8.2.3 Heterogeneous model for minimizing subendocardial obfuscation 
In chapter 4 we presented a method for quantifying lesion size from NIR spectra acquired from 
tissue treatment in three chambers. The greatest variability in model predictions was observed 
within left atrial specimens, while minimal variability was shown in RV lesion estimates.  We 
hypothesize this may be due in part to the difference in endocardial properties between atrial and 
ventricular tissue, and the implicitly homogenous assumptions made in our model. This impact 
may be particularly detrimental on the measurement of left atrial tissue, where endocardial layer 
thickness varies idiosyncratically within samples[75, 130]. This creates differences in sampling of 
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the myocardium, which complicates integration of spectral trends witnessed across measurements. 
Indeed, the valence of a heterogeneous model, decoupling endocardial from the underlying 
myocardial signals, stems in clarifying the relationship between myocardial-specific optical 
property changes and treatment extent.  
Previous studies have been shown with separating out the impact of the scalp and skull 
from the brain signal in cerebral oxygenation measurements. Other studies aimed measuring the 
fetal head while within the uterus have employed two-layer models to tease out signal 
contributions from the maternal abdomen. Much of these techniques introduce the models which 
make use of measurements which probe various sampling volumes. In the reflectance geometry 
case, this could be accomplished taking multi-distance measurements, or perhaps taking time of 
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